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Preface 


Our book is designed to cover all the design and analysis aspects of printed 
stacked microstrip antennas. The details of the design techniques and vari- 
ous approaches for the analysis of multi-layered stacked microstrip anten- 
nas are discussed. 

The proposed book is driven by the continuous need for broadband 
printed antennas in the wireless communication industry. Inspiration to 
write this book stems from authors’ research work on broadband printed 
antennas. The authors faced challenges in gathering information on the 
design techniques, specifically the analysis approaches of broadband 
stacked microstrip antennas. While the full-wave approaches become com- 
plex for multi-layered structures, static analysis methods are not yet avail- 
able for generalized analysis of these stacked structures. As a result, the 
authors developed an almost generalized static analysis approach based on 
the transmission-line model for these stacked microstrip antennas, which is 
extensively covered in the book. Additionally, other reported static analysis 
methods for such stacked antennas are also addressed, making this book a 
comprehensive resource on such planar stacked antennas. 

The book delves into the various applications of stacked microstrip anten- 
nas, showcasing their practical utility. Additionally, it explores the design 
techniques of reconfigurable stacked microstrip antennas and antenna 
arrays. It further delves into the microwave imaging application of stacked 
microstrip antennas, providing detailed insights into imaging algorithms, 
concepts, and results. 

The authors believe it will benefit a lot of researchers and students work- 
ing in the field of antennas. 
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Introduction 


The proposed book will explore the design principles and analysis of 
stacked microstrip antennas, exploring their potential applications. These 
antennas are created by stacking multiple layers of patches over a printed 
microstrip antenna. This stacking process leads to electromagnetic cou- 
pling among the patches, resulting in enhanced bandwidth and the ability 
to operate across multiple frequency bands. As a result, stacked antennas 
offer the advantages of being compact, broadband, and featuring a printed 
geometry, allowing for seamless integration with other printed circuits. The 
book provides detailed insights into the design techniques and steps for cre- 
ating stacked antennas. It also includes several design examples, detailing 
the characteristics of the designs, the fabrication process for these intricate 
structures, and the simulated and measured parameters of the antennas. 

The book, along with covering design techniques and examples, also pro- 
vides a thorough analysis of multi-layered stacked antennas, incorporating 
various existing approaches and a new method developed by the authors. 
The analysis methods offer valuable insights into the structural, modelling, 
and electromagnetic coupling effects among the layers of these antennas, 
ultimately affecting their overall performance. This analysis also provides 
guidance for designing stacked antennas tailored to specific requirements. 
Additionally, the book discusses quick and efficient static analysis models 
as an alternative to more complex full-wave analysis. It explores analyti- 
cal approaches such as the conformal mapping approach, the TLM-based 
analysis approach, and the cavity-model approach for stacked antennas. 

The book further covers the design of reconfigurable stacked antennas, 
presenting various design techniques for different types of reconfigurability. 
These antennas offer the combined benefits of being broadband and elec- 
tronically tuneable in terms of frequency, radiation pattern, and polariza- 
tion. Frequency-reconfigurable broadband stacked antennas are commonly 
used in base station antennas, while pattern and polarization reconfigurable 
stacked antennas are valuable in wireless communications among multiple 
users and satellite communication systems. 

The book also throws light on design examples of stacked antenna arrays 
and their potential applications. Arrays are needed for gain enhancement 


x 
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and improved directivity. This is useful in the case of data communication to 
dedicated users. Further, phased arrays can help in achieving pattern recon- 
figurability. The book focuses on design techniques of stacked microstrip 
antenna arrays, which combine improved bandwidth with improved gain 
and directivity. 

The book also includes a detailed discussion of several advantages and 
limitations of the stacked microstrip antennas. Further, there are several 
applications of stacked microstrip antennas in this era of wireless com- 
munication. The book covers details of all the potential applications of 
stacked antennas, in general. The discussion is further extended to stacked 
microstrip antenna applications for microwave imaging. The microstrip 
stacked antennas, being broadband, compact, and with a mostly uni- 
directional radiation pattern, can be effectively used as transceivers in a 
microwave imaging system. Experimental results of microwave imaging of 
multiple metallic targets kept in the antenna's far field are reported for the 
case of stacked microstrip antennas as transceivers. The SAR algorithm, 
applied for image reconstruction of the targets, is included. Irregular shaped 
targets can be effectively detected and their shapes are also recovered in the 
image reconstruction process. Moreover, no absorbers are needed near the 
proposed microwave imaging set-up, as these stacked microstrip antennas 
are unidirectional, thus avoiding backside clutter. 

Overall, the book has a wide scope for those working in the field of 
broadband antennas and looking for an in-depth understanding of widely 
used printed broadband stacked antennas and their potential applications 
including details of microwave imaging. 

Aim: The book aims to provide complete information and understand- 
ing of miniaturized broadband stacked microstrip antennas in general and 
details of possible applications, specific advantages, and limitations. 

Scope: The book has a broad scope, covering a wide range of topics that 
focus on the intricate design techniques and analysis methods for gener- 
alized stacked antennas, as well as their various practical applications. It 
will delve into diverse design approaches and analysis methods for multi- 
layer stacked antenna structures, exploring the extended potential of these 
antennas by introducing reconfigurability in their designs and also covering 
the utility of these antennas in planar arrays. The book will also provide 
in-depth insights into microwave imaging using stacked antennas as trans- 
ceivers and the associated image reconstruction algorithms. 
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Introduction to stacked 
microstrip antennas 


1.1 INTRODUCTION 


Stacked antennas consist of multiple resonating elements stacked in a single 
antenna structure, with only one element being fed by the source while the 
other elements are coupled to the driven element. There are printed stacked 
antennas as well as non-printed ones such as the dipole stacked antenna and 
the yagi-uda stacked antenna. This book will primarily focus on the design 
strategies and analysis methods of printed/planar stacked microstrip anten- 
nas. Printed microstrip antennas are low-profile planar structures that are 
easily integrated with other printed circuits. However, these antennas typi- 
cally have low bandwidth, which can be addressed through various meth- 
ods. One approach is to use a thick dielectric substrate to reduce the energy 
stored in the substrate and maximize the radiated energy. Additionally, 
aperture coupling can be employed to enhance the bandwidth of microstrip 
antennas. Despite these methods, achieving very wide bandwidth remains a 
challenge. By stacking multiple resonators in the printed antenna structure, 
it is possible to achieve wide bandwidth without compromising the inherent 
advantages of these antennas. This chapter will provide an introduction to 
the fundamental concepts related to types of stacked antennas and various 
design techniques. 


1.2 DESIGN CONSIDERATION OF STACKED 
MICROSTRIP ANTENNAS 


Printed stacked microstrip antennas are commonly utilized across vari- 
ous applications to achieve optimal system performance, including broad 
bandwidth and high gain. A thorough understanding of the proper design 
and configuration of stacked antennas provides valuable insight into their 
design approach, enabling them to operate at a specific central frequency 
while maintaining the required bandwidth within the operational range. 
The choice of substrates significantly impacts the overall performance and 
efficiency of stacked antennas, making it a crucial parameter to consider. 
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2 Stacked Antennas 


This chapter will delve into the influence of different substrate types, includ- 
ing their dielectric constants and heights. Additionally, essential antenna 
parameters such as gain, directivity, bandwidth, efficiency, and polarization 
will be briefly discussed in the context of stacked antennas. Furthermore, 
the chapter will focus on the specific details of various types of stacked 
antennas and their respective applications. In particular, the following sec- 
tion will provide a detailed exploration of different types of printed stacked 
microstrip antennas, including aperture-coupled, proximity-coupled, and 
microstrip/probe-fed stacked antennas. 


1.3 TYPES OF STACKED MICROSTRIP ANTENNAS 


1.3.1 Aperture-coupled stacked antennas 


In aperture-coupled antennas, an aperture or slot indirectly excites the 
driven patch via the feed line. This structure involves at least two dielectric 
substrates, one with a feed at the bottom and a slot at the upper side, and 
the other with a patch on it. The energy is coupled from the feed to the 
patch through the slot, causing it to resonate at its operating frequency. 
Adding more layers over the driven patch in the aperture-coupled antenna 
turns it into an aperture-coupled stacked antenna. These stacked antennas 
offer a wider impedance bandwidth and improved gain compared to simple 
aperture-coupled antennas. Examples of such aperture-coupled stacked 
antennas are discussed below. The geometry of an aperture-coupled stacked 
antenna with an additional parasitic patch is shown in Figure 1.1. 

As shown in Figure 1.1, there is an aperture on one side and feed on 
the other side of the substrate, which couples electromagnetic energy to the 
driven patch and excites it. On the top of driven patch, there is a para- 
sitic patch which is further excited through the coupling of energy from 
the driven patch. Multiple resonances exist due to multiple resonators, and 
these close resonances result in broad bandwidth of the given antenna. In 
the aperture-coupled antennas, the slot width is optimized to ensure good 
coupling to the driven patch, and for the case of a stacked antenna, proper 
coupling among the stacked layers is obtained. Further feed line width can 
be optimized to match the antenna with a 50 Q microstrip line. As demon- 
strated in [1], the input impedance depicted on the Smith chart shows three 
coupled resonances, due to the two patches and that of the aperture, thus 
resulting in wider bandwidth, compared to simple aperture-coupled antenna 
design. A bandwidth (SWR < 2:1) of 57% is computed while 52% was mea- 
sured with a centre frequency of 8.95 GHz in this case [1]. 

A circularly polarized aperture-coupled stacked antenna design is demon- 
strated in [2], with two stacked patches fed through two orthogonal slots. 
The feed is given to the aperture-coupled antenna through a hybrid coupler 
such that two output ports at 90° phase shift are used as two orthogonal 
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Figure I.1 Geometry of aperture-coupled stacked patch antenna. 


feed lines, feeding the antenna through two slots. As shown in Figure 1.2 
the two I-shaped slots are placed beneath the two consecutive edges of 
the square patch, such that orthogonal currents flow through two stacked 
patches through electromagnetic coupling. This yields a circularly polarized 
aperture-coupled stacked antenna design. The improved impedance band- 
width response is evident from Figure 1.3(a) with wide axial ratio band- 
width too depicted in Figure 1.3(b). The stacking of another layer over the 
driven patch further enhances the overall antenna gain as visible from Figure 


1.3(c). 


1.3.2 Microstrip and probe-fed 
stacked patch antennas 


A microstrip patch antenna with one or more parasitic patches, stacked 
above the driven patch, is known as a microstrip stacked antenna. Microstrip 
stacked antennas offer a wider bandwidth compared to basic microstrip 
antenna designs due to the presence of multiple resonant layers stacked on 
top of each other. Similar to microstrip antennas, these antennas have a 
planar ground plane beneath the resonant layers and exhibit unidirectional 
radiation properties. This characteristic provides them with an advantage 
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Figure |.2 Geometry of dual-CP aperture-coupled stacked patch antenna. (Source: 
Son Xuat Ta, Vancuongnguyen, Bang-Tam Nguyen and Chien Dao-Ngoc, 
"Wideband Dual-Circularly Polarized Antennas Using Aperture-Coupled 
Stacked Patches and Single-Section Hybrid Coupler”, IEEE Access, Vol. 10, 
pp: 21883-21891, Feb 2022 [2].) 
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Figure 1.3 (a) S-parameters, (b) AR bandwidth, and (c) gain of the proposed antenna. 
(Source: Son Xuat Ta, Vancuongnguyen, Bang-Tam Nguyen and Chien Dao- 
Ngoc, "Wideband Dual-Circularly Polarized Antennas Using Aperture- 
Coupled Stacked Patches and Single-Section Hybrid Coupler", IEEE Access, 
Vol. 10, pp: 21883-21891, Feb 2022 [2].) 


over aperture-coupled stacked antennas in scenarios where backside radia- 
tion is undesirable, such as applications where electromagnetic coupling is 
a significant constraint. 

As shown in Figure 1.4 a printed microstrip antenna with planar ground 
plane is stacked vertically with multiple resonators. The resonators consist 
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Figure 1.4 Microstrip-fed and probe-fed microstrip stacked antenna design. 


of metallic patches etched onto one side of the substrates. These resona- 
tors become electromagnetically coupled with the driven patch when the 
driven patch is excited through the feed. This excitation leads to multiple 
resonances due to the stacked patches, resulting in a multiband antenna 
response or a broadband response if the resonances are closely spaced. The 
response of a multi-layered stacked microstrip antenna can be fine-tuned 
to achieve a sufficiently broadband response by adjusting the multiple reso- 
nances obtained. 


1.3.3 Proximity-coupled stacked antennas 


The proximity-coupled stacked antenna utilizes multiple resonant layers 
stacked one above the other, which generate multiple resonances when 
excited through the proximity-coupled feed. In this design, shown in Figure 
1.5, the driven patch is electromagnetically coupled with the feed line, 
which in turn couples the energy with the stacked parasitic patches. By 
carefully selecting substrate materials and patch dimensions, a bandwidth 
of over 20% can be achieved with this antenna design [3]. The antenna 
structure includes one driven patch fed by a proximity-coupled microstrip 
feed line printed on the lower-most substrate, along with a parasitic patch 
placed above the driven patch. The specific substrate heights and dielec- 
tric constants chosen for the multiple layers can vary based on the desired 
performance of the antenna. The details related to these antenna design 
parameters, crucial for achieving optimal performance, are discussed in the 
next section. 
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Figure 1.5 Stacked proximity-coupled patch antenna structure. 


1.4 DESIGN PARAMETERS OF STACKED 
MICROSTRIP ANTENNAS 


The design of stacked microstrip antennas is based on several key param- 
eters aimed at achieving a broadband antenna response. With multiple 
stacked layers involved, each design parameter significantly influences the 
antenna's performance. Factors such as the choice of substrates, dimensions 
and shapes of resonant patches, number of stacked layers, and their rela- 
tive placement all significantly impact the overall response of the printed 
stacked antenna. Optimal results can be achieved by carefully selecting and 
fine-tuning these parameters according to the chosen antenna geometry. 
These crucial parameters will be briefly discussed in the following sections. 


1.4.1 Choice of substrates 


The selection of substrates significantly impacts the performance of stacked 
antennas. The electrostatic fields stored within the substrates and the elec- 
tromagnetic coupling among the layers are greatly influenced by the choice 
of substrates. It is crucial to carefully consider the dielectric material and 
substrate height in order to achieve the desired antenna performance. A 
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lower dielectric constant material enhances the radiation properties, gain, 
and bandwidth of the antenna, but it also leads to an increase in antenna 
dimensions, as indicated by Equations (1.1)-(1.5) [4]. When designing a 
compact antenna using a lower dielectric constant material, the overall 
antenna gain is reduced. On the other hand, employing a higher dielectric 
constant substrate allows for a compact antenna design (as per Equations 
1.1-1.5), but it comes with reduced bandwidth and some gain reduction. 
Therefore, selecting an optimal substrate that reduces antenna dimensions 
with minimal compromise on radiation properties is crucial for a printed 
antenna. 


c | 2 
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It's crucial to consider the thickness of the dielectric substrate when design- 
ing a microstrip antenna, as it has a significant impact on the antenna's 
performance. The use of a thicker dielectric material enhances the over- 
all bandwidth and gain of the antenna, which is especially beneficial for 
inherently narrowband antenna designs. However, thicker substrates can 
lead to surface wave propagation within the substrate, causing unwanted 
effects such as edge diffractions and the generation of side lobes in the 
antenna's radiation pattern. 

On the other hand, using thinner dielectric substrates can help minimize 
surface wave propagation, but this can result in increased dielectric losses 
and reduced antenna gain. Therefore, selecting the optimum substrate 
height is a critical parameter in designing a microstrip stacked antenna 
to achieve the desired antenna response while minimizing surface wave 
effects. Careful selection of the substrate material and its thickness is essen- 
tial for ensuring overall good antenna performance. The surface waves are 
discussed in detail in Chapter 2. 
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1.4.2 Patch shapes and dimensions 


The design of microstrip stacked antennas involves stacking resonant 
patches one above the other. The dimensions of these patches are crucial 
for achieving the required antenna resonance. The dimensions of the driven 
patch are calculated according to the desired resonant frequency for the 
antenna's operation, as explained in Chapter 2. Similarly, the dimensions 
of the stacked patches are approximately calculated using a similar proce- 
dure described in Chapter 2, but consider the effective dielectric constant 
of the substrates between the parasitic patch and the ground. The dimen- 
sions of the stacked patches are calculated to make them resonate near the 
resonant frequency of the driven patch, resulting in closely spaced multiple 
resonances that yield an overall broadband antenna response. In addition to 
the patch dimensions of the stacked microstrip antenna, the chosen shape 
of the patches is also an important parameter that affects the antenna's 
overall response. Calculations are available to determine the dimensions 
of a rectangular patch or a circular patch, which are the simplest reso- 
nant structures. If the shape is further modified or meandered using slots, 
some optimization of patch dimensions is necessary to improve impedance 
matching. Changes in the antenna's shape and structure, such as mean- 
dering slots, curves at the edges, and edge cuts, result in variations in the 
antenna's input impedance, which helps achieve the required impedance 
matching. Certain patch shapes, such as E-shaped and H-shaped patches 
and U-shaped slots [5-9], have been shown to improve impedance match- 
ing over a wide bandwidth, thereby contributing to achieving a broadband 
antenna response. 


1.4.3 Number of stacked layers 


The performance of stacked antennas is influenced by the electromagnetic 
coupling between the layers. The number of stacked layers in the antenna 
design affects the resonances obtained and the total energy coupled to each 
layer. In theory, each coupled resonating parasitic patch generates a reso- 
nance based on its dimensions. However, the amount of energy coupled to 
each stacked layer decreases beyond the driven patch. Increasing the stack- 
ing of parasitic patches can impact the obtained resonances only if a suf- 
ficient amount of electromagnetic energy is coupled to each layer. Typically, 
two to three stacked parasitic patches can receive sufficient coupled energy 
and contribute to the antenna's resonant response. 


1.4.4 Relative placement of stacked patches 


The arrangement of stacked parasitic patches plays a crucial role in enhanc- 
ing electromagnetic coupling among multiple layers and achieving broad- 
band impedance matching. The precise positioning of these stacked layers 
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in relation to the driven patch and each other is vital in determining how 
electromagnetic fields will interact within the layers, ultimately influencing 
the antenna’s input impedance. To maximize the energy coupled to the para- 
sitic patches, it is recommended to position them above the region with the 
highest radiated fields, as determined by the design and excitation of the 
driven patch. Achieving the optimal placement of the stacked patches will 
necessitate some degree of optimization to enhance overall performance. 


1.5 MICROSTRIP STACKED ANTENNA 
CHARACTERISTICS 


In this section, we will discuss the key antenna parameters that determine 
the overall performance of the antenna. Parameters such as bandwidth, 
gain, directivity, polarization, and efficiency define the antenna’s response. 
We will also delve into these performance parameters in the context of 
stacked antennas, along with the design parameters upon which they 
depend. 


1.5.1 Bandwidth 


The design of stacked antennas allows for the creation of either multiband 
or broadband antennas, depending on the selection and arrangement of 
stacked resonant patches. Stacked microstrip antennas address the limited 
bandwidth of basic microstrip antennas by enabling broadband imped- 
ance matching through the electromagnetic coupling of multiple layers. 
This coupling stimulates the parasitic patches and leads to multiple reso- 
nances in the stacked antenna’s response, resulting in a multiband antenna 
response. When these resonances closely align in the frequency domain, 
they produce a broadband antenna response, achieved when the antenna 
structure attains broadband impedance matching at the input. The physical 
dimensions of stacked patches, as well as their placement in relation to each 
other and the driven patch, directly influence the overall input impedance. 
Modifying these factors allows for adjustments to the frequency response of 
stacked antennas in line with specific requirements. 


1.5.2 Polarization 


The concept of polarization in antennas concerns the electric field vector’s 
orientation as the wave travels away from the source. The current distribu- 
tion along the driven patch, determined by the feeding mechanism, impacts 
the electric and magnetic field distribution around the antenna’s structure. 
The interaction of these fields with the antenna, results in a specific polar- 
ization of the radiated E-field vector. In stacked antennas, the combined 
current and field distribution across multiple resonant patches determines 
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the antenna’s polarization. In this scenario, the driven patch significantly 
influences the antenna’s current distribution pattern. The parasitic patches 
are influenced by the radiated fields of the driven patch, leading to a similar 
current distribution pattern. Typically, the current distribution across the 
driven patch depends on the feed location for the case of microstrip line- 
fed or probe-fed stacked patch antennas. It is dependent on the slot’s size 
and relative position to the driven patch for the aperture-coupled stacked 
antenna and the relative position of the driven patch to the feed line in the 
case of proximity-coupled stacked antenna. 


1.5.3 Radiation pattern 


The radiation pattern refers to the spatial distribution of radiated energy 
around an antenna’s structure. Microstrip antennas with a planar 
ground plane emit energy in the broadside direction and display unidi- 
rectional radiation patterns. Antennas with defected ground planes or 
meandering/slots emit energy bi-directionally in the broadside direction. 
In the case of structures with defected ground or slots in the ground, 
the slots also emit energy, resulting in a bi-directional radiation pat- 
tern. Stacked microstrip antennas consist of multiple resonators stacked 
above the basic microstrip patch antenna. These antennas have a planar 
ground plane (unlike aperture-coupled or proximity-coupled stacked 
antennas), resulting in unidirectional radiation patterns in the broadside 
direction. This feature of stacked microstrip antennas is particularly 
useful in applications such as remote sensing, cognitive radio, and mili- 
tary applications. Additionally, the radiation pattern of stacked anten- 
nas also depends on the relative placement of stacked parasitic patches 
to the driven element. In some cases, multiple patches are placed in the 
parasitic layer, thereby modifying the radiation pattern of the antenna 
in the broadside direction. 


1.5.4 Gain 


Antenna gain is a parameter used to quantify the radiation intensity in 
a specific direction compared to the radiation intensity of an isotropic 
radiator in the same direction while receiving the same total power. It is 
a measure of the antenna’s performance for a given input power and is a 
crucial parameter to optimize for any specific application. The expres- 
sion of antenna gain is given by Equation (1.6) [4] and antenna O factor 
is given by Equation (1.7) [10]. In Equation (1.7) the quality factor of the 
antenna is given as the ratio of the stored reactive field to the power dis- 
sipated in radiation. The reactive stored power is the maximum of energy 
stored either in the magnetic field (Wy) or electric field (W,). As the O 
value is inversely proportional to radiated power, lower antenna O val- 
ues are obtained for increased radiated power. The radiated power of an 
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antenna in turn depends on radiation resistance according to Equation 
(1.8). The expression of radiation resistance is inversely proportional to 
substrate height and directly proportional to substrate permittivity, as 
given in Chapter 3. 


radiation intensity ina particular direction 


Caca 1.6 
ER total input(accepted )power a 
Wu, W, 
Q= Ba LO (1.7) 
Power dissipated in radiation (Pa) 
1 2 
P = 5 (Io) Rag (1.8) 


Additionally, *realized gain" is also a parameter used, which is similar to 
*gain" except that *accepted power" is replaced by *power available from 
source". Basically, this takes into account the power lost due to impedance 
mismatch between antenna and source. It is easy to measure this directly, 
and the conventional gain (which is a little higher) can be easily calculated 
if IS11l is known. 

In the stacked patch antennas, multiple resonators are stacked ver- 
tically one above the other and are electromagnetically coupled. The 
overall energy radiated in the broadside direction is increased, by the 
lowering of the antenna's quality factor. This lowering of the O value 
happens due to an increase in overall dielectric substrate height and 
therefore increase of power dissipated in the form of radiation. This 
lowering of the O value increases the antenna's overall gain. The proper 
placement of stacked layers also plays an important role in achieving 
improved overall gain of the antenna by enhancing the coupled electro- 
magnetic energy. 


1.5.5 Directivity 


The directivity of an antenna refers to its spatial distribution of radiated 
energy. It measures the maximum radiated energy in a specific direction 
relative to the total radiated energy in all directions. In the case of printed 
stacked antennas, the vertically arranged resonators focus the radiated energy 
towards the broadside direction, thereby enhancing directivity in that direc- 
tion. Additionally, as the gain of the stacked antenna increases, its directivity 
also improves, particularly in the direction of the stacked radiators. 


D-4r Maximumradiation intensity ina particular direction 


Total radiated power (1.9) 
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1.5.6 Efficiency 


The efficiency of an antenna is the ratio of the total radiated power to the 
total input power supplied to the antenna, given by Equation (1.10) [4]. 
Antenna efficiency accounts for antenna losses and is also expressed as the 
ratio of gain to directivity, given by Equation (1.11) [4]. When calculating 
antenna efficiency, it’s important to account for antenna losses, such as con- 
duction and dielectric losses. In the case of stacked microstrip antennas, the 
use of multiple substrates in the design increases the overall substrate thick- 
ness. The overall permittivity of the antenna is determined as the effective 
permittivity of these multiple substrates. If the effective permittivity of the 
antenna decreases while the effective substrate thickness increases, it will 
result in a decrease in the antenna’s O value and an improvement in the 
antenna’s radiation efficiency. However, selecting an optimal driven-patch 
substrate is crucial to minimize surface waves, which can otherwise reduce 
the antenna’s radiation efficiency. The details of surface waves are discussed 
in Chapter 2. 


Paaa = ePi, (1.10) 


Also Gain(0,@) = e4.Directivity (0,9) (1.11) 


where e,;is the antenna efficiency accounting for conductor and dielectric 
losses. 


1.6 MULTIBAND AND BROADBAND APPLICATIONS 
OF STACKED MICROSTRIP ANTENNAS 


Stacked microstrip antennas find their utility in many of the new generation 
applications owing to their broad bandwidth and in some cases multiband 
response along with high gain and low-profile structure. Multiband anten- 
nas are mostly useful in communication applications, where different mul- 
tiple operating frequency bands are useful for the system [11, 12]. 

An important feature of most stacked patch antennas is the unbroken 
ground plane leading to unidirectional radiation (i.e. no back-lobe). This 
feature is useful in system design where circuitry can be placed directly 
behind the ground plane with no danger of interference. This is the pri- 
mary distinguishing feature between this class of antennas, and the other 
two classes of broadband printed antennas - the printed monopole with 
numerous variations and the Vivaldi and related antennas [13-15]. It is 
well-known that printed monopoles can give extremely large bandwidths; 
however, they are not unidirectional and there is no provision to place cir- 
cuits nearby without additional shielding. Also printed monopoles have 
limitations for array applications - a 2D array on a single substrate is 
very difficult. For wideband systems where such shielding or array is not 
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required, printed monopoles are suitable, but if complex circuitry has to be 
closely packed behind the antenna (or an antenna array, possibly a phased 
array) then stacked antennas are appropriate. 

Stacked microstrip antennas with unidirectional radiation patterns can 
be very useful for target scanning applications in remote sensing and mili- 
tary applications [16, 17]. These broadband compact antennas are also a 
useful candidate in 5G communication systems. Many stacked microstrip 
antennas have been proposed for base station applications in 4G, 5G, and 
6G bands [18-20]. Printed stacked antennas are commonly used for satellite 
communication where high gain is the major requirement [21, 22]. Further 
textile-based printed stacked antennas are in demand for biomedical appli- 
cations as they are planar in their structure (along with wide bandwidth 
and higher gain) and can be easily worn on different body parts for the 
study of various biomedical parameters. Such textile-based stacked anten- 
nas are proposed in [23, 24] for the analysis of vital human parameters. For 
applications where electromagnetic coupling among the circuit components 
is not acceptable, these printed planar antennas are most useful. Also, in 
applications like antenna mounting on automobiles, where a large metallic 
plane acts as a ground, such antennas are easy to install [25]. Other com- 
mon applications of printed stacked antennas are WLAN, GPS, WiFi, ISM 
band, and other wireless communication bands. The detailed applications 
of printed stacked antennas are discussed in Chapter 6. 


1.7 SUMMARY 


This chapter summarizes all the basic concepts related to stacked microstrip 
antennas. The chapter covers the design and performance parameters of 
these printed stacked antennas, which is essential for readers to understand 
in brief, the performance of stacked antennas, and the major parameters on 
which the various performance characteristics depend. The applications of 
such stacked microstrip antennas are also discussed in brief. 
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Chapter 2 


Design concepts of stacked 
microstrip antennas 


2.1 INTRODUCTION 


Planar/printed stacked microstrip patch antennas play a vital role in today's 
wireless communication and have a wide range of applications, includ- 
ing remote sensing and biomedical imaging. The design of these antennas 
requires thorough analysis to ensure optimal performance. This chapter 
will provide a detailed discussion of all the design aspects of stacked patch 
antennas. It will cover the concept of multiple resonances in stacked anten- 
nas, which is attributed to the presence of multiple stacked resonators, and 
can contribute to a broad bandwidth. The electromagnetic coupling among 
the layers is a fundamental phenomenon that activates the stacked parasitic 
layers, facilitates broadband impedance matching, and contributes to the 
achievement of broadband and multiband antenna designs. Additionally, 
the chapter will explore topics such as the choice of driven patch substrate, 
the impact of surface waves, and methods to minimize their effect to max- 
imize the coupled energy to the stacked layers. Finally, the chapter will 
present various design case studies including measured results of different 
antenna parameters. 


2.2 CONCEPT OF MULTIPLE RESONANCES 


The basic printed microstrip patch antenna is a resonant structure with 
a narrow bandwidth. To slightly increase the resonance bandwidth, aper- 
ture-coupled or proximity-coupled feed can be chosen. Additionally, using 
a thicker dielectric substrate can also lead to some increase in bandwidth, 
although this change is relatively small. If a printed antenna needs to be 
made multiband or broadband, a stacked configuration is an optimal 
solution. Multiple stacked patches are placed above the planar microstrip 
antenna to achieve this. The electromagnetic coupling among the multi- 
ple stacked layers ensures broadband or multiband impedance matching 


l6 DOI: 10.1201/9781003565277-2 


Design concepts of stacked microstrip antennas 17 


of the stacked antenna. When the electromagnetic energy from the driven 
patch is coupled with the parasitic patches, they resonate along with the 
driven patch, resulting in multiple resonances of the antenna. The reso- 
nant frequency of each stacked layer depends on patch dimensions, shape, 
and the dielectric properties of the chosen substrates. Design equations of 
microstrip antennas can be used to calculate the stacked patch dimensions 
[1], which are chosen to resonate at frequencies near the resonant frequency 
of the driven patch. Optimizing the parasitic patch dimensions and sub- 
strate parameters achieves proper coupling among the resonances, leading 
to an overall broadband antenna response. 


2.3 SURFACE WAVES 


In Chapter 1, we discussed how surface waves propagate beneath the driven 
patch layer and within the substrate. These waves are confined within the 
substrate, but at the substrate's edge, they diffract and radiate energy out- 
side in unintended directions, leading to side lobes in the radiation pattern. 
This unwanted energy trapped within the substrate reduces the antenna's 
efficiency and affects the radiation pattern. It's essential to minimize these 
surface waves during antenna design. In stacked antenna designs, multiple 
substrates are arranged in a stacked configuration with multiple resonating 
patches printed over them. Surface waves mostly exist within the substrate 
beneath the driven patch. To minimize these waves, the choice of the lower- 
most substrate in the stacked antenna design is crucial. Thicker substrates 
in microstrip antennas store more energy due to the capacitive effect, allow- 
ing more surface waves to be confined within them. Consequently, choosing 
a thinner substrate at the driven patch layer offers a better reduction in sur- 
face waves. However, thick dielectric substrates are preferred for enhancing 
the bandwidth by lowering the O value of the antenna. Therefore, selecting 
the proper substrate height at the lower layer beneath the driven patch is 
crucial for the stacked microstrip antenna's performance. 

The surface waves can be avoided if the substrate height beneath the 
driven patch follows the criteria given in Equation (2.1) [2]. 


0.3 


2nder 


te (2.1) 


where h is substrate height, 4 is the free-space wavelength at operating fre- 
quency, and e , is the dielectric constant of the substrate. Further, as the 
dielectric constant is inversely proportional to the height in the above equa- 
tion, the dielectric constant will be higher for thinner substrate. 

Note that the substrate thickness used for the stacked elements can be 
thicker as they are of a limited extent and do not produce surface waves. 
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2.4 SURFACE CURRENTS 


When the printed microstrip antenna gets excited through the feed, surface 
currents propagate through the metal patch and the associated fields fringe 
out from the patch end and terminate at the ground. The propagation of 
surface currents is the deciding factor for the modes existing in the antenna 
structure. The dominant mode of propagation in microstrip antenna is 
TM,,, mode. The longitudinal or unidirectional current flow is associated 
with TM), or TM,, (assuming the microstrip patch is placed in the x-y 
plane) modes of propagation, while the surface current having both trans- 
verse and longitudinal vectors is associated with TM,,, mode of propaga- 
tion. The surface currents can thus give information about the polarization 
of the radiated waves, according to the propagating modes. 


2.5 DESIGN METHODOLOGY OF STACKED 
MICROSTRIP ANTENNAS 


As previously discussed, microstrip patch antennas offer the benefits of 
a planar, compact, and simple architecture. It is important to maintain 
these attractive features while implementing techniques to enhance their 
bandwidth. For a single-layer patch antenna, an increase in the band- 
width can be achieved by using a thicker substrate to lower the antenna's 
O value, resulting in a wider bandwidth. However, there is a trade-off 
between losses due to surface waves (caused by a thicker dielectric sub- 
strate layer) and reducing the antenna's efficiency to achieve the desired 
bandwidth. Therefore, the stacked patch antenna configuration is consid- 
ered to be an optimal solution. The design of microstrip stacked antennas 
starts with the design of a basic microstrip patch antenna, which is then 
extended to the stacked configuration using parasitic patches etched over 
multiple substrates. The design equations of the microstrip patch antenna 
are used to calculate the dimensions of the driven patch of the stacked 
antenna. The physical patch parameters are calculated using transmis- 
sion-line equations given by Equations (1.1)-(1.5). The patch antenna 
is initially designed by following the above equations. When fed with 
an impedance-matched transmission line, the patch antenna resonates 
at its resonant frequency. Furthermore, when the designed microstrip 
patch antenna is extended to a stacked configuration, impedance match- 
ing needs to be done for the overall stacked antenna design (not for the 
driven patch only, as was the case with the basic microstrip antenna). For 
the designed stacked antenna structure, the coupling among the multiple 
resonators may yield broadband/multiband impedance matching, which 
can be further optimized to achieve the desired bandwidth or a multi- 
band response. The choice of substrates, both above and below the driven 
patch, is crucial for achieving broadband impedance matching. Thicker 
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substrates with low dielectric constants give broader bandwidth by lower- 
ing the O value of the antenna. 

As discussed in Section 2.3, the dielectric substrate used beneath the 
driven patch has constraints on its physical parameters to avoid surface 
currents. However, for upper-layer substrates, thicker and lower dielectric 
constant material can be used to obtain broadband impedance matching by 
lowering the dielectric losses and increasing the radiated power (by lower- 
ing the antenna's O value). This further increases the antenna gain as the 
electrical size of the patch at the resonance will increase with the lower 
dielectric constant material. However, the use of thick substrates increases 
the overall antenna volume; therefore there is a design trade-off that needs 
to be considered according to the system requirements. 

Further, the shape and dimensions of parasitic patches are the deciding fac- 
tors for the other generated resonances (except the driven patch resonance), 
resulting in the multiband/broadband response of the stacked antenna. The 
dimensions of parasitic patches can be approximately calculated using the 
same transmission-line equations (1.1)-(1.5) and can be further optimized 
to achieve broadband impedance matching. Moreover, the selection of the 
shape of the parasitic patches and their placement with respect to the driven 
patch are important for obtaining broadband response. 

Next, the design methodology of a patch antenna fed by a coaxial probe 
is discussed in this section. The patch dimensions can be calculated using 
the same set of formulae as for the microstrip-fed patch antenna. The probe 
inductance in this case gets quite significant when the substrate thickness is 
increased, which needs to be compensated. For coaxial fed patch antenna, 
its input impedance and feed inductance are given by [3]: 


Zin = Zo jXi (2.2) 
2n 225 
X,- “tan (0.5kh; )In( nd) (2.3) 


A design methodology for broadband multi-layered stacked antenna struc- 
tures is proposed in [3], where this inductance can be compensated through 
the equivalent capacitance. The analytical formulae for the calculation of 
estimated resonant frequencies, for multiple stacked resonators, specifically 
for the case of two stacked patches are listed below [3]. The case of the probe- 
fed two-layered stacked antenna is considered, as shown in Figure 2.1. 

To calculate the resonant frequencies, voltage across the layers is con- 
sidered. The total voltage across the stacked antenna is taken as the sum 
of voltages across the individual substrate layers. For the present case, it is 
given by Equations (2.4) and (2.5): 

Vo = V, 


o. 


1+ Vo2+ Vo3+ Vua (2.4) 


Vo= (bye bbb) E, (2.5) 
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Figure 2.1 (a) Geometry of two-layered probe-fed stacked microstrip antenna, (b) 
VSWR curve reflecting broadband response. Reproduced with permission 
from IEEE [3]. 


Further, 
D, -e,e,, E, (2.6) 
where D, and €, are the effective flux density and effective dielectric con- 


stants, respectively. 
According to electromagnetic boundary conditions: 


D,-D42D452D4-7D, (2.7) 
Dj €,€, Ej (2 8) 
Voi = hE; (2.9) 


Substituting Equation (2.9) in Equation (2.4), we get: 


V, = SE: (2.10) 
Also 
4 
y-LY A (2.11) 
Eo Eri 


Volk Xh (2.12) 
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Now from Equations (2.11) and (2.12), we get effective permittivity as: 


Lr 
Er = =A (2.13) 


The effective permittivity of the second substrate is given by: 


-1/2 
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and resonant frequency can be expressed as Equation (2.15) according to 
the modified transmission-line model [4]. 


Ep = Ad 1-6 (2.15) 
2N9e2 
14 Cin SHON 
Here C, is the velocity of light in free space, 
2 
2% h 
While C, = -i (2.16) 
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Similarly the resonant frequency of the upper patch can calculated based on 
Equations (2.18)-(2.20). 
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where 


4 b; 
03 J| >h 
AL;S0A12V p, -=4* | 2.2 

i 2 È —0.258 L, 0.8 l v) 


a+ 
2 


The above set of equations can be used to predict the resonant frequencies 
of stacked patches and get an approximate stacked antenna design for the 
desired response. 


2.6 STACKED MICROSTRIP ANTENNA 
DESIGN EXAMPLES 


2.6.1 Rectangular microstrip-fed 
stacked antenna design 


A broadband stacked antenna operating in the C-band region is presented 
in [5]. The proposed stacked antenna features three layers, including one 
driven patch and two parasitic patches etched onto dielectric substrates 
with varying dielectric constants and substrate heights. The design incor- 
porates specific criteria to minimize the impact of surface waves, with the 
driven patch substrate being thinner and having a higher dielectric constant 
compared to the upper substrates. The upper substrates, on the other hand, 
have a lower dielectric constant and are thicker to maximize the impedance 
bandwidth. This stacked configuration aims to improve electromagnetic 
coupling among the layers, resulting in broadened impedance matching and 
enhanced overall antenna gain. Qualitative analysis is required at every 
stage of the antenna design process to ensure the desired antenna response 
in all aspects. To begin with, a basic microstrip patch antenna with only a 
driven patch is designed using transmission-line equations at a centre fre- 
quency of 6 GHz. The substrate height is set according to specific guide- 
lines to suppress surface waves. The antenna, with a substrate height of 
0.508 mm and a dielectric constant of 3.6, is fed using a shifted feed line 
to achieve some degree of input impedance matching in the absence of a 
quarter wave transformer. As a result, the patch antenna resonates towards 
5 GHz due to the diagonal flow of current caused by the shifted feed line, 
leading to an increased electrical length of the antenna. 


2.6.1.1 Effect of parasitic substrate and patch parameters 


The antenna is stacked with a parasitic patch etched over a substrate 
with a lower dielectric constant, to broaden the antenna bandwidth. The 
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parasitic patch dimensions are estimated using equations for microstrip 
patch antenna dimensions. The parasitic patch dimensions are calculated 
such that it resonates at the frequency near the driven patch resonance. 
These closely spaced resonances, when optimized properly, can give broad- 
band response. To achieve such closely spaced resonances, the height of sub- 
strate between the two patches should follow Equation (2.21) [6]. According 
to [6], the antenna having distance between the lower patch and parasitic 
patch (height of second substrate layer) within the limit of Equation (2.21), 
has two resonant frequencies. When both the resonances are close enough, 
they give a broadband response. For this case, the electric field between 
the patches consists mainly of the E, component, and the magnetic field 
consists of the H, component. Thus, the antenna resonates in TM; mode 
as the usual microstrip patch antenna and contributes to two resonances 
corresponding to both the patches. The antenna now behaves as a simple 
microstrip antenna with a thicker substrate and a single effective e,, which 
contributes to an increase in gain and bandwidth. On increasing the height 
between patches approximately to 0.54, the E, and H, components between 
patches decrease, and thus the current on the parasitic patch decreases, while 
the E, component increases. The E, component forms a standing wave and 
the antenna behaves as a resonator. In this case, fields near the patches are 
out of phase with respect to each other, which in the boresight direction 
add in phase, thus increasing the overall gain of the antenna, but with nar- 
row bandwidth. The effect of different substrate heights (4,) is studied and 
shown in Figure 2.2(a) and chosen 5, = 70 mil (1.78 cm). 


b, < 0.14. (2.21) 


2.6.1.2 Effect of placement of parasitic patch and feed parasitics 


Further, the modification in the design is studied with the addition of a 
step transformer between the feed line and the driven patch, to compensate 
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Figure 2.2 SII response of two-layered stacked antenna (a) for different h, and offset y, 
= 6 mm, (b) for different offset y, and h, = 70 mil. 
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for the feed parasitics. Moreover, an offset (y,) of the parasitic patch with 
respect to the driven patch is created and studied in terms of changes in the 
antenna performance as shown in Figure 2.2(b). These changes are shown 
to improve the coupling among the layers, along with improved impedance 
matching, when optimized properly. The stages of design modifications are 
shown in Figure 2.3. Also, the changes in the Smith chart response for dif- 
ferent design stages are shown in Figure 2.4. 

The step transformer adds the step parasitics to the feed line and helps in 
improved impedance matching by cancelling the unwanted parasitic effects 
at the feed line and the patch junction. The initial width of step transformer 
is taken to be 2mm. The equivalent circuit parameters representing added 
parasitics are shown in Figure 2.5, and the calculation of these parasitics is 
discussed in detail in Chapter 3. These extra parasitics affect the higher fre- 
quencies and improve the overall resonance as can be seen from the Smith 
chart. The coupling is further improved when the parasitic patch is dis- 
placed at some optimum offset with respect to the lower patch, as depicted 
in Figure 2.4(c). When the parasitic patch has the maximum area above the 


(a) 


Figure 2.3 Stages of two-layered stacked antenna design, (a) parasitic patch aligned with 
driven patch, (b) parasitic patch aligned with driven patch and with step trans- 
former, (c) parasitic patch at offset (y,) with respect to driven patch and hav- 
ing step transformer. 
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Figure 2.4 Smith chart response of two-layered stacked antenna, (a) parasitic patch 
aligned with driven patch, (b) parasitic patch aligned with driven patch and 
with step transformer, (c) parasitic patch at offset (y,) with respect to driven 
patch and having step transformer. Reproduced with permission of IEEE [5]. 
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(a) (b) 
Figure 2.5 (a) Step discontinuity, (b) its equivalent circuit. 


feed and the edge of the patch, there is enhanced electromagnetic coupling 
among the two layers and hence improved impedance matching. A better 
response is obtained for an offset of 8 mm, in this case. 


2.6.1.3 Effect of second parasitic patch and substrate parameters 


The stacked antenna design is further modified by adding one more para- 
sitic layer above the first one. Stacking of the additional resonant parasitic 
patch, with proper placement, provides further improvement in imped- 
ance matching and wider bandwidth. The substrate parameters of the 
second parasitic patch are also crucial for the antenna's performance and 
thus should be chosen to enhance the overall antenna's performance. A 
thicker substrate compared to the driven patch substrate is selected such 
that it helps achieve wider bandwidth but within the constraints given 
by Equation (2.21). The dielectric constant is (e „ = 2.2), the same as the 
first parasitic patch substrate, but the height chosen is higher (obtained 
after optimization) for overall improved antenna response. The antenna 
response for different heights of the upper-most substrate (h,) is shown 
in Figure 2.6, which shows that ^, = 100 mil (2.54 mm) gives the best 
impedance matching compared to lower values of 5,. Figure 2.7 depicts 
the response of the stacked antenna with three layers: one driven patch 
and two parasitic patches, along with further optimization study of the 
antenna's performance based on the width of the transformer section con- 
nected to the feed line. The width of the step transformer is chosen to be 
1.8 mm in this case, having 36 Q impedance. 

The obtained antenna design gives broadband response for optimized 
patch dimensions, substrate parameters, parasitic patch offset, and the 
width of the transformer between the feed and driven patch. The current 
flowing through the third patch is very low as it is loosely coupled with 
the driven patch, so it does not contribute much to introducing any extra 
resonance but helps in improving the overall impedance matching and 
coupling. 
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Figure 2.7 SII response of three-layered stacked antenna for different step transformer 
widths. 
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2.6.1.4 Effect of the slot at the driven patch 


Inserting a slot in the driven patch increases its electrical length and affects 
the antenna's resonance. Here a slot is etched near the antenna's edge, 
which further enhances impedance bandwidth. The resultant $11 response 
is shown in Figure 2.8. The corresponding surface current distribution is 
shown in Figure 2.9. The surface current graph shows the diagonal flow of 
current (due to shifted feed), which is dominant at lower frequencies. This 
indicates high cross-polarization at the lower frequencies. Moreover, the 
surface current distribution gives information about in-phase currents in 
stacked patches, generating an even mode within the band of operation. 
Out-of-phase currents are flowing through the stacked patches at the cut- 
off frequency of 6.7 GHz, causing the generation of odd mode. 

The orthogonal current at the driven patch induces a similar current flow 
through parasitic patches via electromagnetic coupling between the lay- 
ers. This results in the generation of two orthogonal modes propagating 
through the antenna, leading to increased cross-polar radiation. To mini- 
mize the impact of cross-polarization in applications where it is not needed, 
the antenna design should be further modified. This can be achieved by 
directing the diagonally flowing current, caused by a shifted feed, towards 
the longitudinal direction by meandering the patch through the proper 
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Figure 2.8 Comparison of antenna response at different stages. Reproduced with per- 
mission of IEEE [5]. 
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Figure 2.9 Current distribution of the initial stacked antenna design at different 
frequencies. 


Table 2.1 Design parameters of final antenna design [5] 


Parameter Value (mm) Parameter Value (mm) 
Ww 35 Ino 12.3 

L 35 X, (feed shift) 1.4 

Wi 15 S, (slot | width) 2 

I, 11.8 Si (slot | length) 4 

Wpi 18 W, 1.8 

li 13.3 W, N 

y, (offset) 6 Sm (slot 2 width) 5.5 

Wyo 18 Sp (slot 2 length) I 


insertion of slots in the driven patch. In the current antenna design, a slot is 
etched in the driven patch, aligned with the feed direction, to direct the cur- 
rent longitudinally and reduce the cross-polarization effect. The addition of 
this slot enhances the antenna’s overall bandwidth and significantly reduces 
cross-polarization, particularly at lower frequencies. The complete antenna 
parameters are listed in Table 2.1. 

The current distribution of the antenna after both slots are placed in the 
driven patch is shown in Figure 2.10, which clearly shows the longitudinal 
flow. 


2.6.1.5 Properties of designed stacked antenna 


The design of the proposed stacked antenna after all the modifications and 
optimizations is as given in Figure 2.11. The antenna, after the insertion 
of two slots, shows a much-improved cross-polar power ratio even with 
a shifted feed. The attained bandwidth of the proposed stacked antenna is 
35%, with a peak gain of 8.2 dBi, a peak efficiency of 95%, and an average 
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48.3 


Figure 2.10 Surface current distribution of (a) initial antenna and (b) improved antenna 
at 5 GHz. Reproduced with permission from IEEE [5]. 
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Figure 2.11 (a) Improved/proposed stacked antenna geometry, (b) fabricated antenna. 
Reproduced with permission from IEEE [5]. 


efficiency of 80%. These results are shown in Figure 2.12 and Figure 2.13 
respectively. The improvement in achieved reduction of cross-polar levels 
is shown in Figure 2.14. The radiation patterns also show reduced cross- 
polarization, depicted in Figure 2.15. Since the ground plane of the stacked 
antenna is uniform and un-broken, the front-to-back ratio is high and also 
the radiation patterns are stable throughout the operating frequency band. 
This characteristic of planar stacked antennas is very useful in certain appli- 
cations, where stable unidirectional antenna radiation is essential. Further, 
such antennas' performance is independent of the ground plane size and 
can be integrated with other circuits very easily having common ground. 
Moreover, for applications where the antenna needs to be placed above a 
large metallic body like a car or airplane, the performance of these antennas 
remains unaltered. The same has been verified for the proposed antenna, and 
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Figure 2.12 SII response of improved/proposed stacked antenna design. Reproduced 
with permission from IEEE [5]. 
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Figure 2.13 Measured vs simulated gain and efficiency graph. Reproduced with permis- 
sion from IEEE [5]. 
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Figure 2.14 Cross-polar power ratio of the initial stacked antenna and final stacked 
antenna. Reproduced with permission from IEEE [5]. 
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Figure 2.15 Measured H-plane co-polar and cross-polar radiation patterns of proposed 
antenna at different frequencies. 
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the antenna's response for varied ground plane sizes is studied and shown 
in Figure 2.16. The $11 response is almost stable for different ground plane 
sizes. Also, the S21 response shows less mutual coupling between consecu- 
tive elements if placed in an array structure, compared to other broadband 
antennas having slots at the ground (Figure 2.17). Further, the electric field 
distribution beneath the antenna also shows that any common ground inte- 
gration with other circuits is more suitable in the case of antennas with 
planar ground planes, depicted in Figure 2.18 and Figure 2.19. 


2.6.1.6 Modified design of stacked antenna 


The bandwidth of stacked antenna is dependent on the number of stacked 
layers, the substrate parameters, and the relative patch parameters. The 
previous stacked antenna design resulted in 35% bandwidth with suppres- 
sion of cross-polar power. The stacked antenna bandwidth can be further 
increased by increasing the upper substrate heights and some optimizations 
in terms of slot size and position, also offset between parasitic and driven 
patch along with feed offset. The new modified broadband stacked antenna 
design is shown in Figure 2.20. The three-layered stacked antenna has a 
slot at one of the radiating edges of the driven patch. The electrical length 
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Figure 2.16 SII response of proposed stacked antenna for different sizes of ground 
plane. Reproduced with permission from IEEE [5]. 
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Figure 2.17 Simulated S21 of the proposed stacked antenna compared with a slot antenna 
[7] for different element spacing. Reproduced with permission from IEEE [5]. 
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Figure 2.18 Electric field distribution beneath the ground plane and along the antenna 
length. Reproduced with permission from IEEE [5]. 


of the patch thus reduces longitudinally and the upper resonant frequency 
increases. Further, the slot at the radiating edge causes more fringing fields 
to get coupled to the parasitic patches. The antenna in this case also has the 
shifted feed line for achieving the broadband impedance matching, result- 
ing in some amount of cross-polar power. The modified antenna has the 
bandwidth from 5.5-8.5 GHz (simulated), while 5.3-8.7 GHz (measured), 
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Figure 2.19 Electric field distribution beneath the ground plane, along the width of both 


antennas. Reproduced with permission from IEEE [5]. 
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Figure 2.20 Proposed modified stacked antenna design, (a) layout, (b) fabricated antenna 


photograph. Reproduced with permission from IETE [8]. 


as shown in Figure 2.21. The antenna parameters are listed in Table 2.2 
showing a compact design. The radiation patterns are showing co-polar 
and cross-polar power levels are depicted in Figure 2.22, and the antenna 
gain with respect to frequency is shown in Figure 2.23. For applications 
where cross-polarization power can be tolerated and need not be strictly 
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Figure 2.21 SII response of the proposed modified stacked antenna showing improved 


bandwidth. 


Table 2.2 


Design parameters of proposed 
modified stacked antenna [8] 


Parameter 


Value (mm) Parameter Value (mm) 
52 Ws 13.6 
50 h 12 
12 W; M 
10.89 W, 1.95 
13 S, 44 
n S, 2.59 
74 En 3.6 
0.508 En 2.2 
1.5 £j 22 
2.5 


suppressed, such an antenna ensures a much broader bandwidth with com- 


paratively reduced dimens 


ions. These antennas are useful in applications 


such as remote sensing, satellite communication, etc., where cross-polarized 
power is also useful for performance. 
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Figure 2.22 Radiation patterns of proposed modified stacked antenna at (a) 6 GHz, (b) 
7 GHz, (c) 8 GHz, showing increased cross-polar levels. Reproduced with 
permission from IETE [8]. 
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Figure 2.23 Simulated and measured gain of the proposed modified stacked antenna. 
Reproduced with permission from IETE [8]. 


2.6.2 H-shaped stacked patch antenna design 


An H-shaped stacked antenna design, shown to have improved bandwidth 
along with a miniaturized design, is presented in [9], where two H-shaped 
patches are stacked one above the other. The proposed antenna geometry 
is shown in Figure 2.24. The initial antenna parameters for the rectangular 
patch are calculated using Equations (1.1)-(1.5), where / ~ 4 /2, i.e. 0 = m. 
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Figure 2.24 (a) Geometry of single-layer H-shaped patch antenna, (b) geometry of 
stacked H-shaped patch antenna. Dimensions in mm: W, = 40, L, = 40, h;= 
I, W, = 59, L, = 59, S,p (upper patch slot length) = 26, S,, (lower patch slot 
length) = I5 and 18, hap = 16.5, € q = 3.38, € . = l, € 47 4.15. Reproduced with 
permission from IEEE [9]. 
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Figure 2.25 (a) Equivalent circuit of square patch, (b) equivalent circuit of H-shaped 
patch. Reproduced with permission from IEEE [9]. 


In the case of an H-shaped antenna, there is a discontinuity at the centre, 
compared to a rectangular patch design. A thin microstrip line connects 
the other two sides in an H-shaped patch. This junction gives additional 
freedom for performance control to the antenna design and can be tuned to 
improve the antenna’s resonant response. 

The antenna’s resonant frequency can be decreased in this case by con- 
trolling the thin line parameters Z, and 0 ,. The transmission-line model of 
the H-shaped antenna is approximated as per Figure 2.25, which is further 
modified according to Figure 2.26 with the assumption that line width is 
significantly less and 0 , << a. A simplified transmission-line equivalent is 
shown in Figure 2.27. The model further explains that the input imped- 
ance of an H-shaped patch antenna is equal to a square patch antenna 
of reduced electrical length, thus resulting in antenna miniaturization, as 
explained by Equations (2.22)-(2.24). This gives the expression of L as 
given by Equation (2.26). Further, the miniaturization factor can be chosen 
and controlled according to Equation (2.27). 


Zinn (H-shaped) = rA - jZ, cot(0,) (2.22) 


Zina square) = ~iZa cot (9/4) (2.23) 
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Figure 2.26 Modified equivalent circuit of H-shaped patch antenna. Reproduced with 
permission from IEEE [9]. 
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Figure 2.27 Simplified TLM equivalent of: (a) H-shaped patch antenna and (b) square- 
shaped patch antenna. Reproduced with permission from IEEE [9]. 


By equating (2.22) and (2.23), we get: 


Lind H- shaped) zx Zin2(square) (2.24) 
This gives: 
2Z, | eot(0,) - cot 0? l 
pc 72) (2.25) 
2nf 


For miniaturization, L needs to be calculated for the new frequency such 
that f = n.f, Thus, replacing this f in Equation (2.25) gives: 


A, |eot(0,) -cot(82). (2.26) 
2nf 


L 


Further, since 20 , x zat f - f, 
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Then 0 , z (n.z ))2atf 2 nf, (2.27) 

As 0’ =a at f= n.f, (ie. l= 4 /2) (2.28) 

ae 2Z, | cot (8, )] B 2Z, | cot (v2.2 /2)] (2.29) 
2nnf, 2nnf, 

X; 22nnf,L =2Z, cot(n.1/2) (2.30) 


Thus, for the given miniaturization factor “n”, the new inductance of the 
thin line along with its reactance can be obtained by Equation (2.30). 

Further, the physical length of the thin line of an H-shaped patch, now 
resonating at a new frequency, can be obtained from Equation (2.31) based 
on its relation with given physical parameters. 


L- Ade. (2.31) 
C 


Based on the above-mentioned design equations, the miniaturized H-shaped 
patch design can be obtained for the chosen miniaturization factor n, where 
n = flf, The additional capacitive effect is also considered in the equivalent 
circuit as shown in Figure 2.28, where Cg is optimized to get the required 
antenna performance. The designed H-shaped antenna now resonates at its 
desired resonant frequency and achieves miniaturization. 

Further, another H-shaped miniaturized patch is stacked above the driven 
H-shaped patch, as shown in Figure 2.24(b). This stacking of the parasitic 
patch widens the operating bandwidth of the antenna as it improves broad- 
band impedance matching. The results of the single-layer antenna having 
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Figure 2.28 Modified TLM equivalent of H-shaped stacked antenna. Reproduced with 
permission from IEEE [9]. 
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Figure 2.29 Measure return loss of H-shaped antenna for different slot lengths (S,,) 


(H-slot) for the single layer and the stacked antenna. Reproduced with per- 
mission from IEEE [9]. 
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Figure 2.30 Approximate TLM equivalent of H-shaped stacked patch antenna with opti- 
mized coupling capacitance. Reproduced with permission from IEEE [9]. 


only a driven patch and the two-layered stacked patch antenna are shown 
in Figure 2.29 for different lengths of thin line in the H-shape structure (the 
slot/discontinuity of the H-shaped patch). The response indicates a significant 
bandwidth increase for the stacked antenna design. The approximate circuit 
model of the stacked H-shaped stacked antenna is shown in Figure 2.30. 
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2.6.3 E-shaped stacked patch antenna design 


Microstrip antennas are typically narrowband, but their bandwidth can be 
expanded using various techniques. One effective method is to insert slots 
in the patch. The U-shaped slot, for example, has been shown to enhance 
antenna bandwidth due to its symmetrical structure, which increases the 
antenna's electrical length by causing the surface currents to follow the 
U-shaped boundary. In a particular study [10], a stacked antenna with a 
U-shaped slot in the driven patch and an E-shaped patch stacked over it 
as a parasitic patch was presented, as shown in Figure 2.31. The E-shaped 
patch, featuring two symmetrically placed slots, further contributes to 
broadening the antenna's bandwidth. 

The initial dimensions of the patch can be determined using Equations 
(1.1)- (1.5). Furthermore, the final antenna dimensions can be obtained by 
incorporating a U-shaped slot and carrying out design optimization. The 
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Figure 2.31 Probe-fed stacked antenna structure with U-slot in the driven patch and 
E-shaped parasitic patch. Reproduced with permission from IEEE [10]. 
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antenna is designed using a 6-mm thick dielectric substrate with a relative 
permittivity (e ,) value of 1.1. 

The E-shaped patch cuts are strategically positioned above the low cur- 
rent distribution region of the lower patch with a slot. Placing the E-shape 
cuts above the U-shape cuts, with a length offset towards the low current 
region, plays a critical role in enhancing the antenna bandwidth. The opti- 
mized offset position is crucial in this regard. The current distribution of 
the proposed antenna at different frequencies (on both patches) is shown in 
Figure 2.32. 
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Figure 2.32 Current distributions at lower and upper patches respectively at (a) 3.48 GHz, 
(b) 4.48 GHz, (c) 5.60 GHz. Reproduced with permission from IEEE [10]. 
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The dimensions of the E-shaped patch need to be calculated based on the 
equations for a rectangular patch antenna design with necessary modifica- 
tions after inserting the two slots. The dimensions of the parasitic patch 
should differ from those of the lower patch (in this case, they are smaller) 
to create resonance through coupling at a different but nearby frequency. In 
this antenna design, various parameters can be adjusted to alter the anten- 
na's performance. Factors such as the length and width of each slot, the 
separation of the two slots, the position and alignment of slots on different 
layers, and the position of the probe feed are some of the critical design 
parameters that contribute to the antenna's performance optimization. 
These parameters play a crucial role in enhancing coupling between the 
layers and consequently improving the antenna's input impedance match- 
ing. Variation in simulated antenna response for different distance values 
between the two patches is shown in Figure 2.33. 

When excited at the centre, the E-shaped patch with three wings (one 
central and two side-wings) produces two resonances. Therefore, using it 
as a parasitic patch adds extra resonances to the driven patch resonance, 
thereby increasing the total antenna bandwidth. Further, improvement in 
impedance matching in this probe-fed stacked antenna can be obtained by 
cancelling the probe-feed reactance through the use of a washer [3]. This 
washer can add a capacitive effect and, when chosen properly, helps in can- 
celling the inductive effect of the probe, as discussed in Section 2.5. The 
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Figure 2.33 Simulated return loss response of proposed antenna for different heights 
between two patches. Reproduced with permission from IEEE [10]. 
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Table 2.3 Design parameters of the proposed E-shaped stacked antenna [10] 


Parameter L W, L W, & WH hU ww, w € h h e, 


Value (in mm) 39.4 29.4 17 15.4 265 18 142 14 96 7.05 705 6 5.5 |. 


— — Measured 
Simulated 


Return loss, dB 
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Figure 2.34 Measured and simulated return loss of proposed antenna for h, = 5.6 mm 
and other parameters listed in Table 2.3. Reproduced with permission from 
IEEE [10]. 


10 dB return loss bandwidth obtained for the present design is 3.275—6.07 
GHz (measured). The average gain of the antenna is about 8 dBi + 1.4 dBi 
across the bandwidth. Detailed dimensions of all the antenna parameters 
are given in Table 2.3. The measured and simulated return loss of the pro- 
posed design is shown in Figure 2.34. 


2.6.4 F-probe-fed stacked patch antenna design 


In the previous sections, the design of stacked antennas fed via microstrip 
feed line and probe feed is discussed. A stacked antenna fed via four 
F-probes is presented in [11] for the base station application. The antenna 
has dual polarization with broad bandwidth. The four F-probes are fed 
through a 180? phase shift feeding network to provide good reduction in 
cross-polarization levels. A Wilkinson power divider is used as feeding 
network to provide proper 180? phase shift at the output ports with high 
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isolation. In this case isolation of 18 dB is achieved between the two output 
ports of the feeding network to obtain dual polarization. 

Three 0.8-mm-thick stacked layers are used in the design made of FR 
4 substrate. The upper two layers comprise of two stacked patches, while 
the lower layer consists of a feeding network. The upper and lower patch 
layers are supported by a copper cylinder in the centre of radius 1.5 mm. 
The antenna geometry is as shown in Figure 2.35. The upper patch has the 
shape of a rectangle and the lower patch is an isosceles trapezoid. A wide- 
band Wilkinson power divider is designed with noncoupled-line broadband 
180? phase shifter [11] to feed the antenna. The upper parasitic patch adds 
another resonance and enhances the overall bandwidth. 

Initially, L-shaped probes are used which act as an LC series circuit, where 
the inductance is contributed by the L-probe while capacitance is contrib- 
uted by the gap between the probe and the patch. Then it is converted to 
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Figure 2.35 Geometry of proposed dual polarized F-probe-fed antenna. Reproduced 
with permission from IEEE [11]. 
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an F-probe by adding another strip to it. The F-probe has more freedom 
to adjust the matching circuit and broaden the bandwidth. The width of 
L-probes controls the impedance matching and thus the impedance band- 
width in this case. In Ant. 1, two L-probes are used, which show high 
mutual coupling due to surface waves in the thicker substrate being used. 
In Ant. 2, a differential feeding is used through a balanced feed with 180? 
phase shift and an additional two L-probes in the design of Ant. 1. The four 
equally spaced L-probes make the radiation pattern of the antenna more 
stable. Further, impedance matching is improved by stacking another patch 
above the driven patch and changing the L-probe to the F-probe. This gives 
the design of Ant. 3, which has wide impedance bandwidth, compared to 
Ant. 2, which has a multiband response. Next Ant. 4 has a copper frame 
added to the design and this frame further improves antenna bandwidth 
along with reducing the back-side radiation of the antenna. 

The geometry of the proposed dual-polarized antenna is shown in Figure 
2.35 and the feeding network is shown in Figure 2.36. The antenna design 
parameters are listed in Table 2.4. In the given antenna design, four vias 
are used to connect F-probes with the output ports such that A and C 
vias are connected to port 1, while B and D vias are connected to port 
2. F-probes have proven to give improved broadband impedance match- 
ing and the 180-degree phase shift feeding network provided the required 
dual polarization. Thus, the antenna is suitable for base station application, 


1,2,3,4 are shorting pins 


Figure 2.36 Detailed view of the feeding network with the line widths mentioned in mm. 
Reproduced with permission from IEEE [11]. 
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Table 2.4 Proposed F-probe-fed stacked antenna design parameters [11] 


Parameter l, L l; w W; h, h, h; 
Value (in mm) 13 12.5 18.5 52 44 23 32 17 
Parameter hp f a b D W, S; H, 
Value (in mm) 5 | 9 2 3 280 210 30 


P À 


(d) 4 


Figure 2.37 Different stages of proposed antenna design (a) Ant. | two L-probes fed 
patch, (b) Ant. 2 with four balanced L-probe-fed patch, (c) Ant. 3 with four 
balanced F-probe-fed stacked antenna, (d) Ant. 4, proposed F-probe stacked 
antenna with copper frame. Reproduced with permission from IEEE [11]. 


(a) (b) (c) 


requiring both polarizations along broad bandwidth operation. The anten- 
na's response is analysed at each stage by adding one F-probe at a time. The 
response shows clear improvement in impedance matching of the antenna. 
The design is further modified to improve back radiation, by adding a 
metallic frame to the antenna design as shown in Figure 2.37. The VSWR 
response of the antenna at different stages is shown in Figure 2.38. 

The overall response of the F-probe-fed antenna is shown in Figure 2.39 
and Figure 2.40. The antenna has 45% bandwidth at a centre frequency 
of 2.2 GHz, covering PCS/DCS/UMTS/LTE2300/LTE2500 bands. The 
obtained gain is 9-10 dBi with efficiency ranging from 55 to 85% through- 
out the band of operation. A balanced feed with 180-degree phase shift 
gives a dual-polarized response along with high isolation between the two 
ports. The isolation achieved is around 30 dB and XPD is around 23 dB. 
The radiation patterns are quite unidirectional with a front-to-back ratio 
of more than 22 dB. The antenna array of the proposed antenna has been 
developed and presented in [12] with an improved gain of 13-14 dBi. 


2.6.5 Stacked patch antenna design for 5G 
using magneto-dielectric material 


Magneto-dielectric materials have high permittivity and high permeability 
properties and are proven to be useful for the miniaturization of antenna 
design [13-15]. 
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Figure 2.38 VSWR response of proposed antenna at different stages. Reproduced with 
permission from IEEE [11]. 
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Figure 2.39 (a) Measured and simulated VSWR of proposed antenna at both the ports, 
(b) measured and simulated gain as well as efficiency of proposed stacked 
antenna at both ports. Reproduced with permission from IEEE [11]. 


An inset-fed microstrip antenna etched on a magneto-dielectric (MD) 
composite material to minimize the patch dimensions is proposed in [16]. 
The MD material here is made of a mixture of magnetite powder (Fe,O,), 
PDMS elastic polymer material (polydimethylsiloxane), and BaFe,,O,,. 

Magnetic materials are commonly used in the antenna design, with one 
of the most commonly used being the ferrite materials [17-20]. Generally, 
losses in magnetic materials increase with higher frequencies, according 
to Snoek's law [21]. Therefore, a mixture of other materials is also needed 
along with magnetic material at higher frequencies. This makes MD com- 
posite material most suitable for high-frequency applications. But it still 
exhibits losses at higher frequencies and this needs to be compensated in the 
antenna design. In the presented work, MD composite material is used to 
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Figure 2.40 Measured and simulated radiation patterns of proposed F-probe-fed stacked 
antenna at different frequencies for port |. Reproduced with permission from 
IEEE [11]. 


reduce the dimensions of the antenna, while the SRR array structure is used 
along with it to improve the bandwidth and gain of the antenna. 

In the proposed stacked antenna design, the upper-most layer is the patch 
over the MD layer. Beneath the MD layer another substrate layer of RT 
Duroid 5880 is attached through double-sided tape. The last layer is the 
ground plane with a split-ring resonator (SRR) array etched over it. The 
SRR array provides sufficient electric and magnetic coupling among the lay- 
ers and contributes towards the improvement of the antenna's performance. 
The antenna's structure is shown in Figure 2.41, while a photograph of the 
fabricated antenna is shown in Figure 2.42 and the final dimensions are 
listed in Table 2.5. The magnetic properties of the MD composite material 
have been extracted through experimentation in this work, along with the 
study of the designed SRR structure. It has been observed that the higher 
the value of the relative permeability of the material, the more the frequency 
shifts towards the lower side. Further, the use of the SRR array broad- 
ens the impedance bandwidth of the antenna. Thus, the optimum mate- 
rial selection for MD composite and carefully optimized design of the SRR 
structure at the ground plane layer are crucial to obtain the desired antenna 
performance in this proposed work. 

The antenna has a peak gain of 4.33 dBi with 10% fractional bandwidth 
in the C-band region and a 19 dB front-to-back ratio. The antenna being 
miniaturized by 64% in size (30 mm x 30 mm) compared to conventional 
antennas does not compromise the performance parameters. The antenna's 
responses are shown in Figures 2.43 and 2.44. 
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Figure 2.41 (a) Design of proposed MD material based stacked patch antenna, (b) detailed 
view of patch and SRR array structure. (Source: Yohanes Galih Adhiyoga, Siti 
Fauziyah, Catur Apriono, and Eko Tjipto, “Miniaturized 5G Antenna with 
Enhanced Gain by Using Stacked Structure of Split-Ring Resonator Array 
and Magneto-Dielectric Composite Material", IEEE Access, Vol. 10, pp: 
35876—35887, March 2022 [16].) 


(a) (b) 


Figure 2.42 Fabricated prototype of proposed stacked antenna on MD material, front 
and back side, respectively. (Source: Yohanes Galih Adhiyoga, Siti Fauziyah, 
Catur Apriono, and Eko Tjipto, "Miniaturized 5G Antenna with Enhanced 
Gain by Using Stacked Structure of Split-Ring Resonator Array and Magneto- 
Dielectric Composite Material", IEEE Access, Vol. 10, pp: 35876-35887, 
March 2022 [16].) 


Table 2.5 Design parameters of proposed annular-ring-shaped stacked antenna [22] 


Parameter a, a; b, b; h, h; Ra Ru Rp LN 
Value (in mm) 21.6 39 12 22.5 Il 72 60 90 335 2 
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Figure 2.43 Measured and simulated return loss of proposed stacked antenna with 
and without SRR array structure. (Source: Yohanes Galih Adhiyoga, Siti 
Fauziyah, Catur Apriono, and Eko Tjipto, "Miniaturized 5G Antenna with 
Enhanced Gain by Using Stacked Structure of Split-Ring Resonator Array 
and Magneto-Dielectric Composite Material", IEEE Access, Vol. 10, pp: 
35876—35887, March 2022 [16].) 


[^] a 
S. $ 
5. 5° 
i E = SRR 2 
E TO-SRR x3 
Om SRR 4x4 
35 -30 
-180 -150 -120 -90 60 -30 0 30 60 90 120 150 180 -180 -150 -120 -90 66 -30 0 30 60 90 120 150 180 
(a) Angle (deg) (b) Angle (deg) 


Figure 2.44 Radiation patterns of proposed stacked antenna with different SRR array 
structures, (a) E-plane, (b) H-plane. (Source: Yohanes Galih Adhiyoga, Siti 
Fauziyah, Catur Apriono, and Eko Tjipto, "Miniaturized 5G Antenna with 
Enhanced Gain by Using Stacked Structure of Split-Ring Resonator Array 
and Magneto-Dielectric Composite Material", IEEE Access, Vol. 10, pp: 
35876—35887, March 2022 [16].) 


2.6.6 Annular ring microstrip 
stacked antenna design 


A three-layered annular-ring-shaped stacked microstrip antenna is pre- 
sented in [22]. The three-layered stacked antenna comprises three metal 
layers with two dielectric substrates sandwiched between them. The top 
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layer features a circular parasitic metallic patch with a radius of Rp. The 
middle layer hosts an annular ring patch with a feeding network printed 
between the inner radius of the annular ring. This feeding network utilizes 
a power divider to evenly split the power into two output ports with a 
90? phase difference. The output legs of the power divider for the middle 
patch are positioned 90? apart along the circumference of the inner ring, 
thereby exciting the fundamental TM,, mode with broadside radiation. The 
bottom layer also contains an annular-ring-shaped patch, which is larger 
than the ring of the middle layer. The antenna geometry with different lay- 
ers is shown in Figure 2.45. The antenna design parameters are listed in 
Table 2.6. Selecting different dimensions for the middle and lower patches 


Z 9E: AA 


uU E EA 
X y PLP2 


Figure 2.45 Proposed annular-ring-shaped stacked antenna design (a) side view, b) top 
view of middle layer, (c) top view of bottom layer, (d) three layers of fabri- 
cated antenna, (e) fabricated stacked antenna. (Source: Yi Liu, Yanhua Cao, 
Ke Wang and Wei Hong, "A Broadband Multimode Circularly Polarized 
Stacked Antenna with Pattern Diversity", IEEE Access, Vol. 12, pp: 53448— 
53453, Jan 2024 [22].) 
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Table 2.6 Design parameters of proposed MD-based stacked patch antenna [16] 
L, W L, WW, R Gap L, W, L, hyp hg 
Value (in mm) 30 30 20 2151 7 03 126 031 043 I 75 2 12.575 
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Figure 2.46 Input impedance variation of the antenna with the ratio a/b. (Source: Yi Liu, 
Yanhua Cao, Ke Wang and Wei Hong, “A Broadband Multimode Circularly 
Polarized Stacked Antenna with Pattern Diversity”, IEEE Access, Vol. 12, pp: 
53448-53453, Jan 2024 [22].) 


facilitates the generation of multiple resonances, as the resonant frequency 
of the annular ring patch relies on the ratio of the inner and outer radii. The 
variation of the input impedance value with the inner and outer radius ratio 
is illustrated in the Figure 2.46. The resonant frequencies for two modes 
can be determined based on the annular ring dimensions using the pro- 
vided Equation (2.32). Additionally, the lower layer is fed through a feeding 
network consisting of a power network printed on the same layer inside 
the inner radius of the ring. This power divider produces equal amplitude 
signals at the output ports with a 90° phase shift. In this case, the output 
legs of the feeding network are spaced 45° apart along the ring circumfer- 
ence, resulting in the generation of the TM,, mode with a conical radia- 
tion pattern. The two 90? out-of-phase signals at both output ports lead to 
the circular polarization of the antenna with different radiation patterns 
when probe feed 1 is excited and when probe feed 2 is excited. Probe feed 
1 feeds the lower patch, generating the TM,, mode, while probe feed 2 
feeds the middle patch, generating the TM,, mode. The current distribution 
for TM,, at the middle layer and for TM,, at the bottom layer is shown 
in Figure 2.47. The radiation patterns due to two probe feeds are given in 
Figure 2.48. The axial ratio bandwidths for the two modes are shown in 
Figure 2.49 which is 0.29 GHz for TM}, mode and 0.25 GHz for TM,, 
mode. The $11 bandwidth of TM,, mode is 0.34 GHz while for TM,, mode 
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Figure 2.47 Current distribution at different layers of stacked antenna for different 
modes (a) TM,, mode (middle layer), (b) TM, mode (bottom layer). (Source: 
Yi Liu, Yanhua Cao, Ke Wang and Wei Hong, "A Broadband Multimode 
Circularly Polarized Stacked Antenna with Pattern Diversity", IEEE Access, 
Vol. 12, pp: 53448—53453, Jan 2024 [22].) 
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Figure 2.48 Measured and simulated radiation patterns of annular ring stacked antenna 
for ® = 0? and  - 90° respectively in two orthogonal planes, (a) when 
port | is excited, (b) when port 2 is excited. (Source: Yi Liu, Yanhua Cao, Ke 
Wang and Wei Hong, "A Broadband Multimode Circularly Polarized Stacked 


Antenna with Pattern Diversity", IEEE Access, Vol. 12, pp: 53448—53453, 
Jan 2024 [22].) 
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Figure 2.49 Axial ratio bandwidths of the proposed annular ring stacked antenna for two 
modes, i.e. ® = 0? and ®=90° respectively, (a) when port | excited, (b) when 
port 2 is excited. (Source: Yi Liu, Yanhua Cao, Ke Wang and Wei Hong, "A 
Broadband Multimode Circularly Polarized Stacked Antenna with Pattern 
Diversity", IEEE Access, Vol. 12, pp: 53448—53453, Jan 2024 [22].) 


it is 0.28 GHz, shown in Figure 2.50. Further, measured gains are 8.5 dBic 
and 5.1 dBic respectively for TM,, and TM,, modes. 


c 2c 


a A 


(2.32) 


2.7 SIMULATION AND MEASUREMENT OF 
STACKED MICROSTRIP ANTENNAS 


In the preceding section, we thoroughly examined various examples of 
stacked antenna designs. These designs are initially simulated and opti- 
mized using EM simulators such as CST Studio Suite, Ansys HFSS, or IE3D. 
Some of the optimizations can also be performed using circuit simulators 
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Figure 2.50 Measured and simulated SII parameter of proposed annular ring stacked 
antenna. (Source: Yi Liu, Yanhua Cao, Ke Wang and Wei Hong, "A Broadband 
Multimode Circularly Polarized Stacked Antenna with Pattern Diversity", 
IEEE Access, Vol. 12, pp: 53448-53453, Jan 2024 [22].) 


like ADS software. Circuit simulators model antennas in terms of transmis- 
sion-line segments and lumped elements. The TLM model details of stacked 
antennas are provided in the next chapter. The initially simulated antenna 
design model is then fabricated and tested for measured results. In the case 
of stacked antennas, the fabrication of the antenna involves different lay- 
ers. These multiple printed layers are then stacked using adhesive material or 
metallic screws. The alignment and placement of parasitic patches in relation 
to the driven patch and feed are crucial and require careful positioning after 
fabrication. Typically, errors in the fabricated antenna design can be more 
pronounced in the case of stacked antennas due to potential variations in the 
manual placement of parasitic patches. Moreover, losses increase due to the 
use of adhesive to stack the layers together. Even metallic screws may cause 
interference, particularly in compact antenna designs. Therefore, achieving 
an optimal placement of stacked layers with minimal losses is essential. The 
measurements of the fabricated stacked antenna are conducted in a simi- 
lar standard manner to single-layer antennas. VNA is used for S-parameter 
measurements, while radiation pattern measurements are carried out in an 
anechoic chamber using a standard broadband transmitter. However, in the 
case of stacked antennas, care should be taken to ensure proper alignment of 
stacked layers, especially when adhesive is used to hold them together, during 
placement in the anechoic chamber for pattern as well as gain measurements. 


2.8 SUMMARY 


In this chapter we have explored various design techniques for stacked 
microstrip antennas, which are essential in today's communication and 
advanced applications such as satellite communication and remote sensing. 
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Detailed discussions on the relevant design parameters, equations, and 
methodologies are provided to help readers grasp the fundamental design 
concepts of these complex multi-layered structures. The chapter further 
delved into essential antenna design phenomena such as surface waves and 
surface currents, along with methods to manage them. It also elaborated 
on the different stages of designing multi-layered stacked antennas and the 
impact of key design parameters on their performance. A clear explanation 
is provided on how stacking the parasitic layers enhances antenna band- 
width and gain. 
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Chapter 3 


Methods for static analysis of 
stacked microstrip antennas 


3.1 INTRODUCTION 


Printed stacked microstrip antennas are multi-layered complex structures, 
with multiple resonators positioned on top of one another to achieve elec- 
tromagnetic coupling among the layers. This coupling provides broadband 
impedance matching. Analyzing these structures is crucial to understand 
the impact of various design parameters on the antenna's overall perfor- 
mance. Full-wave analysis is an effective method for accurately analyzing 
these complex structures, although it can be quite intricate and time-con- 
suming due to the antennas’ complex design. In full-wave analysis, a com- 
plete set of integral equations is solved using exact Green's functions and 
boundary conditions along the metallic patch boundaries. These integral 
equations are employed for analysis in the spectral domain. The resulting 
integral equations are then transformed into linear equations using the 
method of moments to produce a matrix, which in turn depicts the current 
distribution on the patch. This current distribution further provides the 
near-field and far-field distribution of the antenna. In addition to the inte- 
gral approach, the finite-difference time domain (FDTD) approach is uti- 
lized for full-wave analysis of antennas. This method is commonly applied 
to the complex antenna structures and can also be used in the presence of 
a finite antenna ground in the case of microstrip antennas. However, these 
numerical methods have the drawback of not readily providing direct infor- 
mation about the influence of structural or geometrical parameters on the 
antenna's performance [1]. 

The book will delve into a thorough discussion of static analysis of 
printed stacked antennas, emphasizing its comparative simplicity and time 
efficiency when dealing with complex structures. Despite employing sim- 
plified assumptions, static analysis models yield ample information about 
the system, aiding in understanding the physical phenomena and essential 
design parameters of the antenna. These analytical methods are instrumen- 
tal in calculating the overall input impedance and radiation characteristics 
of the antenna. Additionally, they facilitate the interpretation of known 
physical phenomena and offer structural insights into the antenna. Crucial 


DOI: 10.1201/9781003565277-3 59 


60 Stacked Antennas 


design parameters impacting the antenna’s performance and optimization 
can be identified and fine-tuned to achieve the desired antenna behaviour. 
The chapter will cover the details of fundamental analytical models for 
the analysis of simple microstrip antennas, such as the transmission-line 
model and cavity model, which respectively model the antenna structure as 
a transmission line or a cavity. 

Furthermore, in the analysis of stacked microstrip antennas, it is essen- 
tial to carefully consider the electromagnetic coupling among the layers 
in the analytical models. The book will also address static analysis mod- 
els for analyzing various multi-layered structures, including multi-layered 
microstrip lines and stacked microstrip antennas. It will cover methods 
such as the conformal mapping technique that calculates the effective 
dielectric constant of complex structures, and the thorough details of the 
transmission-line model analysis of stacked antennas. Subsequent sections 
of the book will unveil further details of these methods along with imple- 
mentation examples. 


3.2 CONFORMAL MAPPING 


Conformal mapping is an analytical analysis technique used for the analy- 
sis of multiple dielectric layer transmission-line, striplines, and coplanar 
waveguides. The concept of conformal mapping is based on orthogonal 
transformation applied on a complex variable plane. The quasi-TEM wave 
propagation assumption is considered and a relation between electrical and 
structural properties is established for static analysis. According to [2], the 
important electrical characteristic is wave resistance while the important 
physical characteristic is the shape ratio (metal patch/strip width versus 
separation with respect to ground or the substrate height). The conductors 
are assumed to be perfectly conducting and thin, while dielectric is assumed 
to be free of dispersion. A relation between shape ratio and wave resistance 
is established in [2], where the physical boundaries or potential boundar- 
ies (edges of the patch or the transmission line) along with flux boundar- 
ies of the fringing fields are mapped into contours as shown in Figure 3.1 
and Figure 3.2. The flux-potential plane makes wave resistance calculation 
easier and dependent on the aspect ratio of the plane, i.e. g/z or g/m after 
modification. The transmission-line parameters calculation based on this 
aspect ratio is given by Equations (3.1)-(3.3): 


RR (3.1) 
L = ulr lg (3.2) 


C = elg/n (3.3) 
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Figure 3.1 (a) Transmission line made of two parallel strips, (b) Space coordinates on 
z-plane. Reproduced with permission from IEEE [2]. 
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Figure 3.2 (a) Collinear coordinates on w-plane, (b) flux-potential coordinates on z- 
plane. Reproduced with permission from IEEE [2]. 


where / is the length of the transmission line. 

In the microstrip patch antennas, a quasi-TEM mode of propagation 
exists as fields propagate both through the air and dielectric substrate. 
The electromagnetic waves propagating through the patch fringe out at 
the edges; they propagate in the air and terminate to the ground through 
the dielectric. The curve 3-7 in the Figure 3.1(b) indicates fields fringing 
out and the rest of the points indicate physical boundaries of the transmis- 
sion line. In the w-plane and the further modified z’-plane, both the electri- 
cal and physical boundaries are mapped to calculate incidental relations 
between wave resistance and shape ratio. 

When multiple dielectric layers are placed in the transmission lines, the 
overall capacitive effect changes due to the change in the effective dielectric 
constant. According to [3], using Wheeler's transformation (discussed above) 
individual interfaces between multiple dielectric layers are transformed into 
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Figure 3.3 Three-layer microstrip line of first type and its transformations. Reproduced 
with permission from IEEE [3]. 


the z'-plane or g-plane, as shown in Figure 3.3. The transformed plane is a 
closed area divided into multiple cross-sections whose boundaries represent 
individual dielectric interfaces of multi-dielectric structure. The filling of 
the entire closed area by these individual cross-sections is dependent upon 
the filling factors determined based on ratios of area taken up by them in 
the closed cross section with respect to the total area. The filling factors 
are given by Equations (3.4)-(3.11). The study shows that the conformal 
mapping technique helps in the static analysis of stacked microstrip anten- 
nas with multiple substrate layers as shown by results given in Figure 3.3, 
depicting microstrip line of the first type. With the help of these filling fac- 
tors the effective dielectric constant of the multi-layered microstrip line is 
calculated given by Equation (3.12). 

This effective dielectric constant is then used to calculate the character- 
istic impedance of the multi-layered microstrip line using Equations (3.13) 
and (3.14) for the case of a thick line and thin line respectively. The obtained 
results are in line with the computed (based on full-wave analysis) and the 
measured results. The static analysis methods, however, provide quicker 
results and are easier to implement. 
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Here the effective line width is: 
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Characteristic impedance is calculated for wide line v^ 21 as: 


AE 1207 b 
Eefr Wef 
While for the thin line 


(3.8) 


(3.9) 


(3.10) 


(3.11) 


(3.12) 


(3.13) 


(3.14) 


The computed result of characteristic impedance of the first type of 
microstrip line using the described method is shown and compared with 
other work [4], calculated through Green’s function, as shown in Figure 


3.4. 
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Figure 3.4 Characteristic impedance of three-layered microstrip of the first type dis- 
cussed here. Reproduced with permission from IEEE [3]. 


g PLANE 


Figure 3.5 Three-layer microstrip line of second type and its transformations. 
Reproduced with permission from IEEE [3]. 


Similarly, the filling factors for the second type of multi-layered transmis- 
sion lines, where two dielectric materials are placed between the metallic 
strips, are shown in Figure 3.5 

The filling factors can be modified as given by Equations (3.15) and (3.16) 
and the computed effective dielectric constant is as given by Equation (3.17). 
The characteristic impedance of the second type of microstrip line discussed 
here can be then computed using Equation (3.13) or (3.14). The comparison 
of the computed characteristic equation using the proposed method is com- 
pared with that presented in [5], based on the variational capacitance of the 
line, and the results are depicted in Figure 3.6. 
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Figure 3.6 Characteristic impedance of microstrip line of the second type. Reproduced 
with permission from IEEE [3]. 
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This concept is extended to obtain the effective permittivity of a multi- 
layered stacked antenna and a modified improved transmission-line 
model is proposed in [6], by considering attenuation in lossy TLM. The 
conformal mapping technique was thus extended to analyze a stacked 
microstrip antenna. According to [7, 8] the input admittance of an 
antenna is given as: 
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Y, + Yc tanh yL1 , Y, + Yctanhy(L- L1) 


Yin = C 
Yo+Y,tanhyL1 Yc +Y, tanhy(L — L1) 


(3.18) 


Here Y, is characteristic admittance of the patch, Y, is the radiation admit- 
tance of the main radiating slots, and y is the complex propagation constant 
of the patch. Further, it is to be noted that: 


Y =a + jP, B = b, er (3.19) 
Cee 
Sp ashe ee. 2 
V Eff £, 1+P(f) (3 0) 


Here e, is the relative permittivity of a dielectric substrate with height h, e, 
is the quasi-static value of g.g, and P(f) is the frequency-dependent term. 

According to the CMA theory discussed above, the quasi-static value of 
£j, le. £, can be written according to Equation (3.21) for three-layered 
stacked dielectric substrate layers in a stacked antenna design. 


(n*eY |, (caca) 
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Ee = E1872 


(3.21) 


Further, to consider the effect of fringing e ,' for a patch antenna, can be 
expressed as: 


-1/2 
p pee wy A-( (3.22) 


Here h is the height of the dielectric substrate between the patch and the 
ground, while W is the width of the patch. Thus, using CMA, the effec- 
tive dielectric constant of multiple stacked layers can be obtained and the 
total input impedance of the antenna can be obtained by using Equation 
(3.13). However, this method has become obsolete and other techniques 
like the cavity model and transmission-line model are more frequently used 
nowadays because of their simplicity and better relation with respect to the 
antenna's physical design parameters. 


3.3 TRANSMISSION-LINE MODEL 
ANALYSIS APPROACH 


The transmission-line model of a microstrip patch antenna treats the 
patch as a transmission line with a dielectric separating it from the ground 
beneath. The open ends of the patch antenna, which create fringing fields 
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Figure 3.7 Transmission-line equivalent model of microstrip patch antenna. 


and contribute to antenna radiation, are represented by fringing capacitance 
and radiation resistance in the shunt. The transmission-line model of a rect- 
angular microstrip patch antenna is illustrated in Figure 3.7 According to 
[9], this model provides a physical understanding of the antenna's radia- 
tion parameters. The signal is considered to be propagating along the patch 
similar to a transmission line with characteristic impedance Z,, of length 
l equal to the length of the patch (/ ~ 4 /2). The fields fringe out across 
the width of the patch when using longitudinal antenna feeding, and this 
is accounted for by the fringing capacitance C; The resulting radiation is 
accounted for by the radiation resistance R, The equations for the transmis- 
sion-line model parameters can be expressed as given below. 

The parasitics R, and C, shown in Figure 3.7 are radiation resistance and 
fringing capacitance respectively, as discussed above. Z, is the characteris- 
tic impedance of the transmission-line segment of length ‘P. The values of 
these parameters can be obtained using the formulas given in Equations 
(3.23)-(3.30). 
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Z, representing the characteristic impedance is calculated as given in 
Equation (3.23) [10], while the radiation resistance R, given by Equation 
(3.25) is obtained from the CAD formula given in [11]. The fringing capaci- 
tance C,is as given in Equation (3.24) [12], and y. gives the effective dielec- 
tric constant of the transmission-line. The above-mentioned parameters 
can be readily computed using well-established formulas. As a result, this 
transmission-line model can effectively serve as a fundamental component 
in analyzing circuitry for stacked microstrip antennas. This same founda- 
tional concept can be further applied to represent stacked microstrip anten- 
nas in relation to equivalent circuit parameters, which can then be utilized 
for the static analysis of the stacked antennas. 

The transmission-line model described above is further modified in [13]. 
In addition to the individual slot (patch edge) admittance, the coupling 
admittance between the two slots is also considered. Moreover, the admit- 
tance of side slots (edges along the width) is analyzed along with the correc- 
tion of admittance formulas for narrow patches, which are not considered 
in the basic transmission-line model of a rectangular microstrip patch. For 
the analysis of stacked antennas, the basic transmission-line model will be 
the main focus due to the increased complexity of the design itself and its 
dependence on several design parameters. Numerous research works have 
been conducted on the transmission-line equivalent model of these complex 
multi-layered stacked antennas. As mentioned earlier, static antenna analy- 
sis methods are approximate models, but they are relatively fast and simple 
and provide sufficient insights into the antenna's performance. This section 
will discuss the various ways in which transmission-line model theory can 
be applied to stacked antenna analysis. 


3.3.1 Analysis of aperture-coupled 
microstrip antenna 


A simple transmission-line model for the analysis of an aperture-coupled 
microstrip antenna is presented in [14]. The analysis of mutual coupling is 
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carried out through the mutual inductance of transformer coils. The trans- 
former coil turn ratio for the driven patch is calculated based on the current 
flowing through the slot, while the turn ratio for coupling between slot and 
ground is calculated based on the voltage of the feed line. 

A similar concept of aperture-coupled microstrip line analysis, fed with a 
tilted slot, is presented in [15]. Here, the mutual coupling between the slot 
and the two transmission lines is accounted for using a transformer coil. 
The tilted slot is accounted for using the inclination factor and correspond- 
ingly locating the position of mutual coupling inductance through the coil 
as shown in Figure 3.8. The closed-form expressions related to the calcula- 
tion of transformer coil turn ratio are given by Equations (3.33)-(3.35), 
while the corresponding induced electric field is calculated using Equations 
(3.31), (3.32), and (3.36-3.38). 

After the analysis of the aperture-coupled microstrip line, a similar con- 
cept is extended to the analysis of an aperture-coupled microstrip antenna 
proposed in [16]. The antenna design, illustrated in Figure 3.9, consists of 
two dielectric materials sandwiched between the feed line and the driven 
patch, with an aperture in the ground plane. This design features an inclined 
aperture with respect to the centre. Given that the aperture is inclined in 
relation to the centre of the patch and the feed line, it is necessary to con- 
sider inclination parameters for an accurate analysis of the electromagnetic 
coupling of the patch with the aperture. 

In this study, the driven patch is treated as the intersection of two orthog- 
onal transmission lines to account for the aperture's inclination with respect 
to its centre. This technique allows us to use two different transmission-line 
sections, fed by electromagnetic coupling from an inclined slot with two 
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Figure 3.8 Aperture-coupled microstrip line with tilted slot, (a) geometry, (b) proposed 
circuit-level equivalent model. Reproduced with permission from IEEE [15]. 
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Figure 3.9 Aperture-coupled microstrip antenna with tilted slot geometry. Reproduced 
with permission from IEEE [16]. 


orthogonal field components, to represent the driven patch. The electro- 
magnetic coupling of the driven patch with the slot is incorporated through 
the inductance of the transformer coil. The driven patch and the metallic 
layer containing the slot are considered as an equivalent transmission line 
with a characteristic impedance Z, calculated based on their dimensions. 
The transmission-line edges are terminated with admittances representing 
radiation resistance and fringing capacitance. As the driven patch is treated 
as the intersection of two orthogonal transmission-line segments, the equiv- 
alent circuit model, depicted in Figure 3.10, illustrates this configuration 
through two parallel transmission lines. Each of the orthogonal transmis- 
sion lines is subdivided into two sections based on the location of the slot 
beneath the driven patch. The electromagnetic fields extending from the 
slot are linked to the driven patch, and the electromagnetic energy is subse- 
quently coupled to the driven patch. The electromagnetic coupling between 
the fields of the driven patch and the slot is addressed using a transformer 
coil, and the coupling between the slot and the ground is also considered 
using a transformer coil. 
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Figure 3.10 Circuit-level equivalent model of the two-layered aperture-coupled 
microstrip antenna. Reproduced with permission from IEEE [16]. 


The induced electric field E, for the maximum voltage V, across the slot 
can be denoted as: 


Es = Vs e, (3.31) 


where 


e, = go)» (3.32) 


E 


Turn ratio 1; is given by: 


n, = | (rfa i M2) Sin 0, + (np + npa )cos0,, | (3.33) 


2 


where 7144 and n, are 


Nx = ff ereas (3.34) 
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Exactly the same procedure is used to evaluate n, and 7. The model is 
further modified to consider the antenna's physical parameters and an opti- 
mized compensation length to account for slot proximity with respect to 
the patch. The transmission-line parameters, Z0, 6, and A l, are calculated 
using analytical methods given in [17]. The compensation length L, expres- 
sion is obtained based on comparison with the method of moments results 
as: 


È T0, PES n (3.39) 


where A , is the free-space wavelength. With the calculation of all the circuit 
parameters, the input impedance of the circuit model can be evaluated. The 
results of the proposed theory are close to the measured results as given in 
[16]. 


3.3.2 Transmission-line model of stacked 
microstrip antenna with inter-layer coupling 
modelled through mutual capacitance 


In this work a compact stacked antenna operating at dual frequency is 
analyzed using the transmission-line equivalent model [18]. The proposed 
stacked antenna is made of two patches, placed over two substrates and 
backed by the ground plane. The two stacked patches are inter-connected 
through a via-hole. The via-hole connection between the two stacked patches 
increases coupling among the layer and improves its overall response. 
Proposed antenna geometry is shown in Figure 3.11. The position of the 
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Figure 3.11 Geometry of proposed stacked antenna with parasitic patch at the middle. 
Redrawn from [18]. 


via-hole is also studied for better performance of the antenna. When the via- 
hole is placed close to the radiating edge of the patch, the current path length 
increases and for the same dimensions the resonant frequency decreases. 
This leads to miniaturization of the antenna design. Moreover, the location 
of the via-hole must be along the driving point/feed point axis, or else the 
current distribution across the patch will become asymmetric. 

The antenna is designed to operate at 2.4 GHz and 5.2 GHz; thus, the 
patch dimensions are obtained as: 5, = 0.8, h, = 0.8, Lp, = 14.2, Wp, = 
14.2, Lp, = 4.7, and Wp, = 15 mm, respectively, with both substrates of 
dielectric constant 4.4. The stacked antenna with via-hole resonates at the 
dual frequency when properly optimized and the relation between resonant 
frequencies with respect to patch dimensions are given by Equations (3.40) 
and (3.41). Here fi, P2, P35 Pas qis and q, are the weighing factors that can 
be calculated by linear fitting. 


A 1/2 = Bip, + Wy, + P3Lpa + D4Wp, + hi (3.40) 
A 42 = quLp, + Wp, (3.41) 


These relations explain that the first resonant frequency is dependent on 
the dimensions of the patches as the current flows through the via-hole, 
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increasing the overall electrical length. While the second resonant frequency 
is dependent only on the upper patch dimensions. 

The proposed antenna is then analyzed based on transmission-line the- 
ory, where each patch of the antenna is modelled as a transmission-line seg- 
ment which is terminated at the edges by radiating resistance (conductance 
in shunt) and fringing capacitance (to represent radiating slots). The via- 
hole connecting the two patches is modelled through a capacitor, while the 
coaxial feed line is modelled as an inductor. The edge admittance param- 
eters are given by Equation (3.42): 


Yi « Gi + jB! (3.42) 


The radiation conductance (Gi) and radiation susceptance (Bi) can be cal- 
culated as follows [18]: 
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where 4 , is the wavelength in free space, and f ; and A l; are the phase 
propagation constant and fringing lengths of the patch. 
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The inductance of the coaxial probe and via-hole is calculated according to 
[19] as given by Equation (3.46): 
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In the above equations c, is the speed of light, d and h are the diameter 
and thickness of the coaxial probe used, and f, is the antenna's resonant 
frequency respectively. Now the capacitance of the coupling capacitor 
which indicates mutual coupling among the driven patch and the par- 
asitic patch needs to be evaluated. In a conventional stacked antenna, 
where the lower patch is fed via coaxial feed and the upper parasitic 
patch is stacked above it, the coupling capacitance between the two is 
given by Equation (3.47) [20]. The antenna design in the present case 
has a parasitic patch lying beneath the driven patch and therefore the 
amount of coupling present among the layers has reduced. This results in 
a modified coupling capacitance expression as given by Equation (3.48). 
The parameters C,, C,, and k, are obtained according to the cavity model 
discussed in [19]. The input impedance of the proposed stacked antenna 
is given by Equation (3.49) according to Figure 3.12. The computed 
input impedance of the antenna closely approximates the measured input 
impedance [18]. 
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Figure 3.12 TLM based circuit-level equivalent of the proposed stacked antenna. 
Redrawn from [18]. 
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C, = (3.48) 


Zin = joLj + (Yr + Yi). (3.49) 


where Y, and Y, are the driving point admittances as shown in Figure 3.12: 


cce Xy tanh (y;/3) (3.50) 
RO IE tanh(yil;) 
121 
y, - y; Yj + Yo tanh(y4l; ) (3.51) 
Yd +Y! tanh(y4l; ) 
Y = yl MÀ + Yi tanh(y,l; ) n 1 i 1 = (3.52) 
i Yi+yY¢ tanh(y,/;) Y, Y, 
and 
Y, = Y? Y T Y; tanh (y2/4) 3 y? y + Y tanh (y;/;) (3.53) 
Y; + Y; tanh (y2/4) Y; T Y; tanh (y;/;) 


3.3.3 TLM analysis model with EM coupling 
modelled using fringing admittance 


The given analysis model of the stacked microstrip antenna is based on 
the basic transmission-line model of the microstrip antenna. The method 
involves extending the concept of fringing fields that exist between the 
patch and the ground (for the case of a basic microstrip patch antenna), to 
the fields coupled between the stacked patches. This analysis model consid- 
ers the interaction of fringing fields among the stacked layers as the elec- 
tromagnetic coupling among the layers, when the antenna is excited with 
the feed line. Similar to the basic microstrip antenna's transmission-line 
model, which considers antenna radiation through fringing capacitance and 
radiation resistance, the multiple stacked patches are coupled through these 
fringing fields of the driven patch and the parasitic patches are stimulated 
through electromagnetic coupling. The details of the proposed analysis 
method based on the transmission-line model and the detailed methodol- 
ogy of its implementation are covered extensively. The stacked antennas 
considered here are fed with a microstrip feed line and feature a planar 
unbroken ground plane. The proposed transmission-line model is appli- 
cable for generalized multi-layered stacked antenna analysis with a planar 
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ground plane, and the propagating modes are also considered to make it 
applicable to all antennas. The implementation of the model is discussed in 
detail, initially considering antennas without slots and then extending it to 
stacked antennas with slots. 


3.3.3.1 Concept of implementing proposed TLM model 


Consider the case of two-layered stacked antenna as shown in Figure 3.13 
[21]. The antenna can be seen as two transmission-line segments, one 
between the ground and driven patch and one between the driven patch and 
parasitic patch. The fringing effect is modelled by a fringing capacitance 
and radiation resistance in shunt at the open terminals of the transmis- 
sion line. These effects are taken into account at each layer. The fringing 
admittance is considered between the driven patch and ground plane, the 
parasitic patch and ground plane, and the parasitic patch and driven patch 
as shown in Figure 3.13. These contemplations encompass overall electro- 
magnetic coupling among the two resonant layers and the ground plane. 
Similarly, let's assess the two-layered stacked antenna with parasitic patch 
at an offset with respect to the driven patch as shown in Figure 3.14. In this 
scenario, the patches should be represented by multiple transmission-line 
segments to account for the offset of the parasitic patch. One segment con- 
sists of a transmission-line pair between the driven patch and ground only 
(without overlapping the parasitic patch), with a characteristic impedance of 
Za. The length of this segment extends from the edge to the overlap margin 
of the parasitic patch. The remaining length of the driven patch forms a 
transmission-line segment with the ground and terminates in fringing admit- 
tance with respect to the ground. This division of the driven patch length 
incorporates information about the parasitic patch offset in the antenna 
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Figure 3.13 Two-layered stacked microstrip antenna and its equivalent TLM model based 
on proposed method. Reproduced with permission from IET [21]. 
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Figure 3.14 Two-layered stacked microstrip antenna geometry with parasitic patch at off- 
set, and its equivalent TLM model based on proposed method. Reproduced 
with permission from IET [21]. 


design. Similarly, the parasitic patch is represented by two transmission-line 
segments of different lengths: one with a length equal to the overlap with 
the driven patch, and the second with a length that is offset with respect to 
the driven patch. The fringing admittance of the parasitic patch is taken into 
account with respect to the driven patch and with respect to the ground. 
Notably, the section of the parasitic patch directly above the ground experi- 
ences strong electromagnetic coupling with respect to the ground. All the 
transmission-line parameters and fringing parameters are calculated using 
closed-form expressions given in Equations (3.23)- (3.30). 

Further, the three-layered stacked antenna design shown in Figure 3.15 is 
an extension of a previous design, featuring an additional parasitic patch off- 
set from the lower parasitic patch. The inclusion of an upper parasitic patch 
at an offset leads to the segmentation of the lower parasitic patch. By model- 
ling the upper parasitic patch in a manner similar to the lower parasitic patch, 
the patch can be divided into two sections, allowing for a better assessment 
of circuit-level parameters and an improved representation at the circuit level. 
In this design, electromagnetic coupling exists not only between the ground 
and driven patch, and the driven patch and the lower parasitic patch, but 
also between the upper and lower parasitic patches. As a result, the fringing 
admittance needs to be evaluated for each section of the transmission-line 
representation of the patch segments with respect to the layer beneath it. 


3.3.2 Implementation of proposed TLM on stacked antenna 


A three-layered stacked microstrip antenna operating in X-band, is shown 
in Figure 3.16. In this section, the analysis of this antenna is discussed 
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Figure 3.15 Three-layered stacked microstrip antenna with the patch offset and its 
equivalent TLM model based of proposed method. Reproduced with per- 
mission from IET [21]. 
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Figure 3.16 Proposed three-layered stacked antenna (a) design, (b) side view. Reproduced 
with permission from IET [21]. 


based on the transmission-line model with EM coupling modelled using 
fringing admittance.The implementation of the proposed transmission-line 
model on the stacked antenna design is done in different stages. The stacked 
antenna is analyzed layer-by-layer to evaluate the response of the antenna 
at each stage and then review the response with the addition of each layer. 
To begin with, the model is implemented on the lower-most layer, i.e. the 
driven patch and ground pair, with its patch segments and the current dis- 
tribution shown in Figure 3.17 
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Figure 3.17 Geometry of shifted-fed patch, (a) patch segments accounting for shift in the 
feed, (b) current distribution across the patch. 


The driven patch is fed with the shifted feed and the current flow is 
therefore diagonal through it. Representing the patch and ground pair as a 
transmission line terminated at open ends is not possible in this scenario. 
The transmission-line model only considers the longitudinal current flow 
through it. However, in this particular design, the current flows diagonally 
through the driven patch. To incorporate this into the model, the patch will 
be divided into multiple transmission-line segments. In this instance, the 
patch is divided into four transmission-line segments - two vertical and 
two horizontal. The width of two horizontal transmission-line segments 
(along the patch width) is chosen so that the feed line lies at the centre of the 
first segment with width W,, while the width of the second transmission- 
line segment W, is the remaining width of the patch. Vertical segmentation 
occurs at half the patch length. The feed and driven patch connection is 
modelled through a step transition between different width transmission 
lines, as shown in Figure 3.18. The following Equations (3.54)-(3.57) give 
the expressions to calculate the parameters at the step transition which are 
used in the model. The overall circuit-level model of the driven patch is 
shown in Figure 3.19. 
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Figure 3.18 Step-transition and the equivalent circuit parameters. Reproduced with per- 
mission from IET [21]. 
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Figure 3.19 Shifted-fed driven patch of the proposed stacked antenna and its equivalent 
TLM model based on proposed method, including the effect of orthogonal 
current flow across the patch. Reproduced with permission from IET [21]. 


In the above equations, L,; for i = 1,2 represent inductance per unit length 
of the respective microstrip segments with widths w, and w, respectively, 
while Z,; and e ,,; are respective characteristic impedances and effective 
dielectric constants. 

The circuit model describes the parameters of the driven patch, fed via 
shifted microstrip feed line. The transmission-line segments are represented 
by their respective characteristic impedances and are terminated with fring- 
ing capacitance and radiation resistance calculated corresponding to the 
respective segment dimensions and substrate parameters. The diagram 
shows that transmission-line segments 1 and 2 are kept open (as shown 
by open nodes A and B) at one end, while segments 3 and 4 are connected 
to each other (as shown by nodes C, D, E, and F) at both ends. This con- 
nection ensures current flows diagonally through these segments as per the 
directions shown in Figure 3.19. This diagonal flow of current confirms the 
presence of orthogonal modes propagating in the antenna which are consid- 
ered through this driven patch model of the stacked antenna. 

The complete circuit-level model of the driven patch fed by a shifted 
microstrip feed line is developed based on the transmission-line equivalent 
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of a microstrip antenna with required modifications to consider changes 
in the physical and electrical parameters. As discussed earlier, the fringing 
admittance, comprising of fringing capacitance and radiation resistance in 
shunt, is calculated according to Equations (3.23)-(3.30). The response of 
the developed model for the given driven patch is in line with its simulated 
response as shown in Figure 3.20. 

The next step in the analysis based on the proposed transmission-line 
model involves considering the design with the addition of a parasitic patch 
to the lower part of the stacked antenna. In this case, the lower parasitic 
patch is offset with respect to the driven patch. This offset enhances the 
antenna impedance matching and needs to be evaluated in the analysis 
model. The two-layered stacked antenna can be modelled at the circuit level 
by treating this structure as a combination of multiple transmission-line 
segments. The circuit model of the driven patch is adjusted at this stage to 
incorporate the overlap of the parasitic patch above it. The length division 
of the driven patch is modified, with /, representing the length of the overlap 
of the parasitic patch on the driven patch and l, representing the remaining 
length of the driven patch. 

The model representation of the parasitic patch also involves multiple 
patch segments, with the length division represented by /, and /, due to its 
offset relative to the driven patch. It is important to consider the overlap of 
the parasitic patch with the feed line due to strong electromagnetic coupling 
between the feed and the parasitic patch. The model includes the position- 
ing of shifted feed geometry again at this step. The width of the parasitic 
patch section directly above the feed and the ground is divided into three 
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Figure 3.20 Response of the shifted-fed driven patch of the proposed antenna (a) SII 
response with comparison of measured, CST simulation, and proposed 
model’s circuit simulation results, (b) Smith chart response with comparison 
of CST and proposed model's circuit simulation results. Reproduced with 
permission from IET [21]. 
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segments: one segment lying directly above the feed and equal to the width 
of the feed (segment 7), and the other two segments lying on either side 
of the remaining width (segments 5 and 6). The corresponding fringing 
admittance for each transmission-line segment is calculated based on their 
dimensions. 

The fringing admittance of the section of the parasitic patch lying above 
the feed line (segment 7) is calculated with respect to the feed line, i.e. 
the feed line acts as a ground plane for it. The fringing admittance (fring- 
ing capacitance and radiation resistance) of segments 5 and 6 is calculated 
with respect to the ground plane of the antenna with two substrates lying 
between them: substrates 1 and 2. In this case, the effective dielectric con- 
stant is calculated according to Equation (3.58). Further the analysis must 
consist of information on the diagonal flow of current through the para- 
sitic patch too due to the shifted feed used to drive the driven patch. To 
understand this, two orthogonal transmission-line sections are connected 
in parallel to represent two orthogonal modes getting excited. One section 
represents the TM, mode while the second section represents the TM, 
mode. The representation of the second section is also similar to the first 
one and the patch segments are considered here too, but along the width. As 
shown in Figure 3.21(c), transmission-line segments 3' and 4' are considered 
along the width, with segment 3' being a transmission-line made between 
the parasitic patch and the driven patch (as its ground) while segment 4' is a 
transmission-line between the parasitic patch and the ground plane. Again, 
two dielectrics need to be taken into consideration to calculate fringing 
admittance at the outer edge of segment 3' (towards the feed), which will 
be calculated with respect to the ground. As the fields fringe out towards 
the ground plane from the edge of segment 3’, they will get coupled through 
both substrates and an effective dielectric constant e , is calculated for the 
same. 

Considering all these physical parameters, i.e., the lengths and widths of 
different segments and the dielectric constant values, the circuit parameters 
like characteristic impedance, fringing capacitance, and radiation resis- 
tance are calculated to evaluate the overall input impedance of the antenna 
at this stage. 


n 
h; 
i=1 


n b; 


(3.58) 


Eyef = 


TI en 


The complete transmission-line model, developed with the inclusion of a 
parallel section to take into account the orthogonal mode too, is shown in 
Figure 3.22(a), and the model's response compared with EM simulated and 
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Figure 3.21 Two-layered stacked antenna, (a) layout, (b) patch segmentation along the 
patch length, and (c) patch segmentation along the width considered for 
proposed TLM implementation, (d) surface current distribution across the 
parasitic patch showing orthogonal current flow. Reproduced with permis- 
sion from IET [21]. 


measured response of the antenna at this stage is shown in Figure 3.22(b) 
and Figure 3.22(c). 

The final stage of the circuit-level analysis model of the proposed stacked 
antenna is the addition of the last stacked layer, i.e. the upper parasitic 
patch in the model. At this stage, the model just needs to be extended with 
consideration of the upper-most layer, while following the same method of 
the model analysis developed in the previous stage. As depicted in Figure 
3.23, the current distribution across the upper-most patch is also orthogo- 
nal. So to incorporate this, again two parallel sections of the TLM model 
will be considered. This ensures consideration of both orthogonal modes 
being generated. 

As the upper parasitic patch is smaller in dimension compared to the 
lower parasitic patch and lies just above the lower parasitic patch, just 
one transmission-line segment is enough to represent the upper parasitic 
patch in both sections (one representing the TM, , mode and the other 
representing the TM, , mode propagation). In the present model, segment 
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Figure 3.22 a) Circuit-level equivalent of two-layered stacked antenna based on proposed 
TLM model, (b) SI | response comparison of measured, circuit simulation and 
CST simulation, (c) Smith chart response comparison of circuit simulation and 
CST simulation of the two-layered stacked antenna. Reproduced with permis- 
sion from IET [21]. 


9 in section I and segment 5' in section II, are used to represent the upper- 
most patch, as shown in Figure 3.24. The TLM model presented above 
can closely predict the behaviour of stacked antennas and also reflects the 
change in response to any change in the antenna's physical parameters. The 
effects of change in the lower patch, middle patch, and upper patch lengths 
are studied and the results are displayed in Figure 3.25. It is observed that 
the model response changes with any change in the physical dimensions of 
the antenna at different layers, and a similar change in response is reflected 
in the EM simulation results too. The design parameters of the proposed 
three-layered stacked antenna are listed in Table 3.1. 

The model implementation can be extended for antennas with slots in 
their design using the concept of the mesh network equivalent of the patch 


86 Stacked Antennas 


Figure 3.23 Current distribution at different layers of three-layered proposed stacked 
antenna. Reproduced with permission from IET [21]. 


as given in detail in [22]. Similar to the method discussed above, where 
patch segmentation is used to introduce the structural information of the 
antenna in the model, the mesh equivalent of the patch also divides the 
antenna patch into multiple small transmission-line segments. These trans- 
mission lines are repeated if the patch structure is uniform. However, if 
there is any discontinuity in the patch structure, the corresponding trans- 
mission-line segments exhibit the change to include the structural change 
in the model. The discontinuity in the patch can exist due to slots or due to 
different feeding positions. Further higher-order modes can be considered 
in parallel with the basic mode, as proposed in the above-discussed TLM- 
based circuit model. 


3.4 CAVITY MODEL ANALYSIS OF 
STACKED RING PATCH ANTENNA 


The cavity model of a microstrip patch antenna considers the patch to be a 
cavity resonator that can exhibit higher order resonances too, where cavity 
walls are modelled as perfect magnetic conductors. Considering the walls of 
the cavity as lossless, the cavity would not radiate and its input impedance 
in this case would be purely reactive. To make this antenna radiate accord- 
ing to the cavity model, it has to be made lossy by introducing loss tangent 
ô ,5 [9], which lowers the O value of the antenna (Q = 1/6 p). This concept 
can be extended to a probe-fed antenna (shown in Figure 3.26) and also to 
probe-fed stacked ring antenna (shown in Figure 3.27) as presented in [23]. 
Initially, Green's function for TM modes can be determined as given in [23] 
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Figure 3.24 (a) Circuit-level equivalent of the proposed three-layered stacked antenna 
based on proposed TLM model, (b) SII response comparison of measured, 
circuit simulation and CST simulation, (c) Smith chart response compari- 
son of circuit simulation and CST simulation of the proposed three-layered 
stacked antenna. Reproduced with permission from IET [21]. 


assuming the substrate height is smaller than the wavelength (b« à) such 
that the EF and electric current have no z variations. With coaxial feed, it 
can be assumed that the current has only a z-component. 

According to the cavity model, assuming perfect magnetic walls (loss- 
less), the tangential MF must vanish at the edge of the patch (ring in this 
case) and the complex wave number can be obtained by applying these 
boundary conditions. 

Considering the fringing field effect, and the dispersion effect in the 
dielectric substrate, making the dielectric constant a function of frequency 
and introducing loss tangent with considerations of all the losses in the 
substrate gives rise to effective ring patch dimensions. The effective ring 
dimensions are given by Equations (3.59)-(3.62) [24, 25], for the probe-fed 
antenna shown in Figure 3.26. 
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Figure 3.25 Comparison of CST simulation and circuit simulation results for changes 
in SII response of the proposed three-layered stacked antenna with the 
changes in its physical dimensions, (a) CST simulation results and (b) circuit 
simulation results of antenna for different lower patch lengths (lj), (c) CST 
simulation results and (d) circuit simulation results of antenna for different 
middle patch lengths (m,). Reproduced with permission from IET [21]. 


Table 3.| Design parameters of proposed three-layered stacked antenna 
Parameter Value (mm) Parameter Value (mm) 
Wi 7.5 Wp 74 

lp 8 m, 7.5 

W, 4.5 W. 0.65 

W, 1.5 W, 5.65 

Feed width [W] I.I Wi, 7.56 

ĉi 3.6 la 5 

£3 44 h, 0.508 

£, 3.9 h,, hg 0.762 

Cy 1.4 En 3.6 

Cy 2.5 £j £j 22 
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Figure 3.26 Geometry of probe-fed annular-ring patch antenna. Reproduced with per- 
mission from IEEE [23]. 


AC, - nf Hárs, 4177264 " (0.2866, +1.65) (3.59) 
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And, for the effective outer radius, the expressions are given as: 


AC, = ln[ 5414, +1.7726+? (0.2866, + 1.65) (3.61) 
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To consider the dispersion effect, the frequency-dependent effective dielec- 
tric constant of the material, according to [23], can be calculated as: 


f^ v6 0 
eon (f) =e, SEM) (3.63) 


where g(f) is a lengthy frequency function with the expression mentioned in 
[25] and g.p (0) is the effective permittivity expressed as: 


£ -1 +1 1 
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The input impedance of the probe-fed ring patch antenna can be calculated 
according to the formula given in [23] 


(3.64) 
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Figure 3.27 Geometry of probe-fed stacked annular-ring patch antenna. Redrawn from 
[23]. 


Similarly, parameters for the probe-fed stacked patch, shown in Figure 
3.27, can be calculated by assuming the effective dielectric constant of the 
two substrates beneath the parasitic stacked patch and the ground. This 
effective dielectric constant can be obtained according to [26, 27] and should 
not be confused with £, which considers the fringing effect, and £f), which 
considers the dispersion effect. The resonant frequency of the lower patch 
with the dielectric layer above it can be calculated as Equation (3.65). 


ka 


f - 275. |Ho-£o-Eef 


Also, for the upper parasitic patch, the resonant frequency can be calcu- 
lated similarly, considering it to be covered with air as a dielectric. The the- 
oretical and experimental input impedances of the stacked microstrip ring 
antenna for TM,, and TM,, modes are shown in Figure 3.28. The results of 
the proposed theoretical model are in agreement with the measured results. 


(3.65) 


3.5 SUMMARY 


In this chapter, we explored various static analysis models for stacked 
microstrip antennas. We extensively covered several different cases of 
microstrip antenna designs and their static analysis. The development of 
the analysis models was explained at each design stage. We compared the 
results of the different analysis models with the measured results of the 
respective antennas. In most cases, the response of the static analysis mod- 
els closely matched the measured results. 
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Figure 3.28 (a) Comparison of theoretical and experimental input impedance of a stacked 
microstrip ring antenna working in the TMI | mode with a, = a, = 2.5 cm, b, = 
b, = 5 cm, £, = &; = 2.32, h, = h, = 1.59 cm with coaxial feed at 2.7 cm from 
the centre, (b) comparison of theoretical and experimental input impedance 
of a stacked microstrip ring antenna working in the TMI | mode with a, = a; = 
2.5 cm, b, = b, = 5 cm, £, = e; = 2.32,h, = h, = 1.59 cm with coaxial feed at 2.7 
cm from the centre. Reproduced with permission from IEEE [23]. 
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Chapter 4 


Reconfigurable stacked 
microstrip antennas 


4.1 INTRODUCTION 


Reconfigurable antennas are antennas that are capable of dynamically 
changing/modifying any one of the operating parameters like frequency, 
radiation pattern, and polarization. Accordingly, they are referred to as 
frequency reconfigurable, pattern reconfigurable, or polarization recon- 
figurable antennas. Reconfigurable stacked antennas also exhibit similar 
reconfigurability properties if antenna currents are properly controlled to 
achieve the desired performance. The only difference is that, due to multiple 
stacked layers, the number of design parameters that can be controlled/ 
tuned increases and thus it becomes easier to incorporate reconfigurability. 

There are many reconfigurable stacked antenna designs proposed in the 
literature for various applications, and some will be discussed in this chap- 
ter. The stacked antennas already have the advantage of being compact and 
high gain; the reconfigurability adds an additional useful property to the 
antenna's performance. There are many techniques to introduce reconfigu- 
rability in the antennas like using PIN diodes, varactor diodes, RF-MEMS 
switches, and metamaterials. The types of reconfigurability introduced in 
antennas are mostly frequency reconfigurability, polarization reconfigu- 
rability, and pattern reconfigurability. Sometimes these can be combined 
to obtain compounded reconfigurable antenna; however, this increases the 
design complexity. 


4.2 RECONFIGURATION TECHNIQUES 


There are various methods to incorporate reconfigurability into antenna 
design, depending on the system requirements. The reconfigurability in 
the antenna design can be categorized into electronic reconfigurability, 
mechanical/physical reconfigurability, optical reconfigurability, and recon- 
figurability using smart materials. 
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4.2.1 Electronic reconfigurability 


In this type of reconfiguration technique, the antenna's characteristics are 
adjusted using electronic components such as PIN diodes, varactors, and 
MEMS. By incorporating these switches into the antenna structure, the 
antenna can be made reconfigurable, allowing for changes in the surface 
current distribution. When controlled properly, this redistribution of sur- 
face current can alter the antenna's properties, including frequency, polar- 
ization, or radiation pattern. 


a) PIN diodes: PIN diodes demonstrate ON and OFF states when sub- 
jected to forward and reverse biases, respectively. This characteristic 
allows for modulation of the current flow through the diode, leading 
to variations in antenna properties. To achieve this, the DC bias circuit 
must be positioned near the patch, with the separate fabrication of DC 
blocks. Careful design and placement of these circuits are essential to 
minimize interference with the antenna's performance. Additionally, 
the insertion loss and isolation of these switches must be thoroughly 
evaluated across the operating band to minimize overall losses in 
reconfigurable antennas. Before integration with the antenna, the per- 
formance of PIN diodes should be analyzed independently. The imple- 
mentation of PIN diodes allows for various forms of reconfigurability 
to be achieved [1-4] with comparatively easy design modifications. 
The equivalent circuit of PIN diode is shown in Figure 4.1. The draw- 
back with the use of PIN diodes in the circuit is that they need high 
DC bias current for switching them ON and also high-power handling 
capacity. 

b) Varactor diodes: Varactor diodes have the ability to change their 
capacitance with the change in applied bias. The equivalent circuit of a 
varactor diode is shown in Figure 4.2, where Cj is junction capacitance, 
Ra is reverse diode resistance while Lp and Rg are series inductance 
and resistance respectively. This property alters the antenna's input 


Rp 


Figure 4.1 Equivalent circuit of PIN diode, (a) ON state, (b) OFF state. 
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Figure 4.2 Equivalent circuit of varactor diode. 


Equivalent parasitics 


Figure 4.3 MEMS switch with equivalent parasitics [9]. 


impedance with the applied DC bias and provides reconfigurability in 
the antenna’s response. Typically, varactor diodes provide continuous 
tuning of the antenna’s input impedance and therefore a continuous 
change in the antenna’s response can be obtained [5]. 

c) MEMS-based switches: MEMS-based switches, similar to PIN diodes, 
provide discrete switching operation. Typically, a MEMS switch has 
three terminals: source, gate, and drain. The voltage applied at the 
gate generates electrostatic force and helps in controlling the switch 
operation. A flexible membrane is used in the design to make contact 
between the source and drain with applied bias voltage and operate 
in the ON state; otherwise it stays in the OFF state. An example of a 
shunt capacitive RF MEMS switch is shown in Figure 4.3. A charac- 
terization of an RF shunt capacitive MEMS switch is also presented in 
detail in [6]. Reconfigurable stacked antennas using MEMS switches 
have been proposed in [7, 8]. 


4.2.2 Optical reconfigurability 


Optically reconfigurable antennas make use of photoconductive elements 
comprised of semiconductor materials such as silicon or gallium arsenide to 
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switch and modify antenna properties. When integrating electronic switch- 
ing, metallic bias lines and DC blocks must be included near the antenna 
structure, which can lead to interference in the antenna's radiation pattern. 
Conversely, optical switches rely on optical fibres for their biasing, caus- 
ing no interference and being electromagnetically transparent. As a result, 
these switches are preferred in scenarios where the avoidance of complex 
circuitry and electromagnetic interference is necessary [10-12]. 


4.2.3 Mechanical reconfiguration 


In the mechanical reconfiguration technique, the main radiator of the 
antenna is physically altered/modified to obtain a change in the operat- 
ing characteristics of the antenna. Since this method does not require any 
biasing circuit, this method of reconfiguration is free from electromagnetic 
interference and complex additional circuitry. In [13] an H-sectoral horn 
antenna is mechanically reconfigured using two movable plates to change 
the aperture of the horn antenna. In [14], a structurally embedded vascular 
antenna that enables physical reconfiguration of the meandering dipole is 
presented. A rotating patch polarization reconfigurable antenna is proposed 
in [15], where implementation of the physical reconfiguration technique is 
demonstrated. 


4.2.4 Reconfiguration through smart materials 


Smart materials like ferrites, liquid crystals, etc., can be used to achieve 
reconfigurability in the antenna design when incorporated in the antenna 
structure appropriately. A composite substrate made of magnetic meta- 
material is used in [16] to obtain a frequency reconfigurable antenna 
design. An SIW resonant cavity antenna is designed to achieve frequency 
and polarization reconfigurability through the use of ferrite-loaded slabs in 
the antenna structure [17]. 


4.3 TYPES OF RECONFIGURABLE ANTENNAS 


4.3.1 Frequency reconfigurable antennas 


Frequency reconfigurable antennas can electronically and dynamically 
change their frequency of operation. These antennas are useful for multi- 
band applications where the operating frequency needs to be adjusted based 
on the scenario. Typically, frequency reconfigurability in antenna design is 
achieved using PIN diodes and varactor diodes to keep the design simple. In 
cases where miniaturized design, low insertion loss, and low power opera- 
tion are required, RF-MEMS switches are utilized to dynamically change 
the frequency of operation in frequency reconfigurable antennas. 
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4.3.2 Pattern reconfigurable antennas 


Pattern reconfigurable antennas can dynamically provide spatial diversity of 
the radiation pattern through various methods. These antennas are particu- 
larly useful in applications where the radiation beam needs to be directed 
in different directions, such as target scanning, point-to-point communica- 
tion, and multi-beam applications. Pattern reconfigurability can generally be 
categorized into two types: beam steering and beam shaping. Beam steering 
antennas dynamically change the direction of the beam, while beam shap- 
ing antennas have dynamically changing beam shapes and are referred to as 
multi-beam antennas. Phased array antennas are utilized for beam steering 
and achieving pattern diversity, as shown in Figure 4.4. Additionally, meta- 
materials and frequency selective surfaces (FSS) are valuable in achieving 
pattern diversity of the antennas. In the context of user communication, 
adaptive beamforming may be necessary, requiring the system to intelligently 
adjust the antenna’s beam towards the dedicated user. This plays a crucial 
role in today’s 5G communication technology. A comprehensive study of dif- 
ferent types of pattern reconfigurable antennas is presented in [18]. 


4.3.3 Polarization reconfigurable antennas 


The antenna polarization depends on the antenna’s surface current dis- 
tribution which affects the radiated fields and their orientation. Thus, 
polarization reconfigurability can be achieved by altering surface current 
distribution along the radiating patch. Typically, current distribution can 
be altered through patch meandering or by inserting slots at appropriate 
locations. Antenna feeding position is also an important parameter for the 
orientation of surface currents across the patch. In [19] aperture-coupled 
antenna design is modified to obtain polarization reconfigurability by 


(b) 


Figure 4.4 Depiction of two different types of pattern reconfiguration, (a) beam steering, 
(b) beam shaping [18]. 
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Figure 4.5 Adaptive beamforming for communication systems [18]. 


altering the electromagnetic coupling through the slot via the insertion of 
diodes within the slots. Further in [20], a proximity-coupled patch antenna 
design is demonstrated. The patch has two cross-shaped slots with PIN 
diodes placed in the vicinity. These diodes are given regulated DC bias 
voltage to obtain three different polarization states: horizontal, vertical, 
and RHCP. Moreover, a meta-surface-based polarization reconfigurable 
antenna is proposed in [21], where two linearly polarized feeding elements 
are used to generate multiple polarizations by controlling the amplitude and 
relative phase of two feeds. 


4.4 RECONFIGURABLE STACKED 
MICROSTRIP ANTENNAS 


Reconfigurable stacked microstrip antennas refer to a class of printed 
stacked microstrip antennas that are capable of electronically or dynami- 
cally adjusting their operating parameters. These compact broadband 
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Figure 4.6 A polarization reconfigurable antenna design. (Source: Wei Lin, & Hang Wong, 
"Polarization Reconfigurable Aperture-Fed Patch Antenna and Array", IEEE 
Access, Vol. 4, pp: 1510—1517, 2016 [19].) 


printed antennas possess the additional capability to reconfigure their 
frequency, pattern, polarization, or a combination of these properties. 
The design of these antennas involves optimizing various parameters to 
ensure that the antenna's output meets the system requirements. The inte- 
gration of reconfigurability with stacked antennas enhances their util- 
ity in practical applications due to their compact nature and ability to 
integrate with other circuitry. The literature discusses numerous designs 
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of reconfigurable stacked antennas, indicating ongoing research on their 
design methodology. 

In the stacked antennas, multiple layers of resonant structures provide 
increased scope for antenna parameter tuning and control. Reconfigurability 
can be easily introduced by modifying the parasitic patch layers, without 
affecting the driven patch design. Further, a combination of parameter tun- 
ing at driven patch and parasitic patches can be made to achieve reconfigu- 
rability. The use of meta-materials is a promising technology in antenna 
design nowadays; it is also prominently used in reconfigurable stacked 
antennas at parasitic layers. 


4.5 DESIGN METHODOLOGY OF RECONFIGURABLE 
STACKED MICROSTRIP ANTENNAS 


The initial design of reconfigurable stacked microstrip antennas follows 
the basic design strategies used for the design of printed stacked microstrip 
antennas to achieve an initial broadband, high-gain, and compact antenna 
design. Reconfigurability is then introduced through either a reconfigurable 
feeding network or reconfigurable elements. The reconfigurable feeding 
network comprises switching feeding networks implemented through PIN 
diodes or varactor diodes. Reconfigurable elements may be composed of 
metamaterials or frequency selective surfaces (FSS) and can also include 
PIN diode/varactor diode/RF-MEMS switching among multiple resonant 
elements. Numerous reconfigurable stacked microstrip antennas have been 
reported in published works, and the design techniques and performance of 
select designs are discussed in detail in the following section. 


4.5.1 Frequency reconfigurable stacked 
microstrip antenna design with continuous 
narrowband frequency shift 


A probe-fed frequency reconfigurable stacked patch antenna is proposed in 
[22] with two stacked layers having dielectric material of € , = 2.33 at upper 
layer and air at lower layer. There are two square patches in the antenna 
structure of different sizes, with the upper one smaller than the lower patch. 
The upper patch is directly fed by the probe, while the lower patch is elec- 
tromagnetically coupled by the fringing fields of the upper patch. The lower 
patch has a via-hole to pass the inner conductor of the SMA connector, 
without touching the patch. The SMA connector used as the probe feed in 
the design has a diameter of 1.3 mm. The clearance hole of a diameter of 3 
mm is selected for the impedance matching of the lower patch. The lower 
patch is located above the centre of the ground plane, while the upper patch 
is placed at an offset with respect to the feed and the lower patch along the 
y-axis. This helps improve the overall input impedance matching. 
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Figure 4.7 Proposed frequency reconfigurable stacked patch antenna, (a) top view, (b) 
side view. Reproduced with permission from IEEE [22]. 


To incorporate reconfigurability in the proposed stacked antenna, both 
patches are added with an additional patch separated by an optimized gap. 
The two sections of metallic patches at each layer are connected via varac- 
tor diodes, placed in the gaps. The varactor diodes used in the design of 
the proposed antenna are $MV2019 from Skyworks. The capacitance of 
such diodes changes from 2.22 to 0.30 pF with an increase in the reverse 
bias voltage from 0 to 20 V [23]. This particular varactor diode is selected 
to meet the required capacitance tuning range. This capacitor also has a 
low series resistance and is thus favourable for use without much loss being 
introduced in the design. Further, the isolation of the DC lines from the input 
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RF signals is achieved through the use of the ferrite beads (Model Murata 
BLM18G) [24] in this proposed work. Specifically, this ferrite bead is chosen 
in the design as it has a very low resistance for DC signals (approximately 1 
Q), but it has a very high resistance for RF signals. 

Each of the patches contains two varactor diodes and two ferrite beads 
to achieve frequency reconfigurability in the design. Two different control 
voltages U, and U, are used to change the capacitance of varactor diodes 
at both layers. With the change in applied voltage bias, the operating fre- 
quency of the antenna changes as it changes the input impedance of the 
antenna. In this case, both voltages can control the operating frequency 
independently. Thus, V, controls only the lower band frequency change, 
while V, controls only the upper band frequency change. 

The proposed frequency reconfigurable stacked antenna achieves a lower 
band frequency change of 1.68-1.93 GHz, and an upper band frequency 
change of 2.11-2.51 GHz, with an increase in the applied reverse bias volt- 
age from 0 to 20 V. The variation in frequency of operation of the proposed 
antenna with changes in U, and U, is shown in Figure 4.8 and Figure 4.9 
respectively. 


4.5.2 Frequency reconfigurable stacked microstrip 
antenna design with broadband frequency shift 


An innovative design of a broadband frequency reconfigurable stacked 
microstrip antenna is introduced in [25]. This three-layered antenna is 


|S, ,| (dB) 
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Figure 4.8 Simulated and measured SII of proposed frequency reconfigurable antenna 
for variations in U, and U, = 20 V. Reproduced with permission from IEEE [22]. 
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Figure 4.9 Simulated and measured SII of proposed frequency reconfigurable antenna 
for variations in U, and U, = 20 V. Reproduced with permission from IEEE 
[22]. 


Table 4.| Design parameters of proposed frequency 
reconfigurable stacked patch antenna [22] 


Parameter L, L W Wo S&S H, 
Value (inmm) 64 l6 82 5| 14 3 
Parameter La Ll; Wu Wa Su Hy 


Value (in mm) 35 8 45 275 75 3.17 


capable of dynamically adjusting the entire operating bandwidth using 
just one PIN diode. The antenna consists of a rectangular driven patch fed 
through a shifted microstrip feed line, with two stacked parasitic patches 
above it. The topmost parasitic layer includes two patches connected 
through a PIN diode. When the PIN diode is activated, both patches in the 
upper-most layer are connected, leading to a shift in the antenna's complete 
frequency response. With the diode activated, current flows through the 
additional upper patch, which becomes coupled to the driven patch and to 
the ground. This results in increased electromagnetic coupling of radiated 
fields in this section of the upper patch compared to the larger section. 
Thus, the resonance due to the upper patch is now predominantly due to the 
smaller section, causing the resonance to shift towards the higher frequency 
side. 

The design of a reconfigurable stacked antenna is depicted in Figure 4.10 
and the detailed parameters are shown in Figure 4.11 while the dimensions 
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Figure 4.10 (a) X-band reconfigurable antenna design and (b) fabricated antenna, (c) 3D 
view [25]. 
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Figure 4.11 Detailed parameters of reconfigurable stacked antenna [25]. 


are listed in Table 4.2. The S1 response of the antenna for different diode 
states is presented in Figure 4.12, which shows the shift in the whole operat- 
ing bandwidth towards the higher frequency side with the diode in the ON 
state, compared to the diode in the OFF state. 
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Table 4.2 Design parameters of reconfigurable stacked antenna [25] 


Parameter Value Parameter Value 
Wip 7.5mm à AL 7.4 mm 
L, 8 mm L; 7.5 mm 
W, 5.45 mm Wap 7.56 mm 
W, 0.95 mm 14 5 mm 
Feed Width [W,] 1.1 mm h; 0.508 mm 
l, 3.6 mm h,,h; 0.762mm 
b 4.4 mm £i 3.6 
a c b NENNEN 
( ) 0 —mR— Measured ( ) 0 —a— Measured 
—®— Simulated —$— Simulated 
-104 -104 
Lj -204 B -20- 
5 5 
-304 -304 
-404 -404 
7 8 9 10 ^ 1 18 7 8 H w 14 12 413 
Frequency (GHz) Frequency (GHz) 


Figure 4.12 SII response of reconfigurable stacked antenna (a) when diode is OFF, (b) 
when diode is ON. 


4.5.3 Pattern reconfigurable stacked 
microstrip antenna design 


A stacked pattern reconfigurable microstrip antenna is proposed in [26]. 
The antenna has three stacked layers: a feeding network layer, a driven 
patch layer, and a parasitic patch layer. Two substrate layers, one of 0.508 
mm TLY-5 (e „= 2.2) and the other of 0.508 mm Rogers RO4350 (e , = 3.66) 
substrate, are used between the feeding network and the driven patch. The 
ground plane is placed between the feeding network and driven patch layers 
as shown in Figure 4.13. These two substrates are bonded together through 
a bonding layer of RO4450 substrate of 0.1 mm thickness (e , = 3.48). The 
upper substrate layer bearing the parasitic patch is separated by the driven 
patch layer through an air gap of 2 mm. The upper substrate is the same 
as the lower substrate of driven patch, i.e. 0.508 mm RO4350. The design 
parameters are listed in Table 4.3. 

The initial dimensions of the driven and parasitic patches (their widths) 
are obtained using the standard formulae given by Equation 4.1 [27], where 
À o is the free-space wavelength and e , is the relative dielectric constant of 
the material used. In this case the value of s, should be calculated as &,.4 
for the case of the parasitic patch due to the existence of three dielectrics 
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Figure 4.13 Pattern reconfigurable stacked patch antenna (a) side view, (b) top view. 
(Source: Jun Hu, Zhang-Cheng Hao, and Yi Wang, “A Wideband Array 
Antenna with l-Bit Digital-Controllable Radiation Beams”, IEEE Access, Vol. 
6, 2018 [26].) 


Table 4.3 Design parameters of proposed pattern reconfigurable stacked antenna [26] 
Parameter W L w, wW, g d d, d h,„h,h; h, h; 
Value(in mm) 1.5 3.5 146 134 22 78 | 1.4 0.508 01 2 


between it and the ground plane: two substrate layers of RO4350 and the 
air gap. 


(4.1) 


The proposed stacked antenna has one square patch in the driven patch layer, 
while four patches separated by gaps are etched at the parasitic layer. The 
driven patch square lies at the centre of the set of four parasitic patches. The 
driven patch is connected to the feeding network through two probes, with 
PIN diodes connecting the probes and patch. This gives the control to con- 
nect the driven patch to the selected probe at a time. The complete feeding 
network is placed at the third layer, beneath the ground plane. The designed 
feeding network is shown in Figure 4.14, which is symmetrical with respect 
to both the ports. If the phase of the antenna when excited with port 1 is 
0°, then its phase when excited with port 2 will be 180? (due to the opposite 
placement of both ports with respect to the driven patch). In this proposed 
work, this condition is utilized to make a pattern reconfigurable antenna 
array, based on a high-gain broadband stacked antenna. The single antenna 
element's gain and S11 response (for both ports) are shown in Figure 4.15, 
with peak gain of 11 dBi and bandwidth of 21.9% from 5.05 to 6.3 GHz. 
The pattern reconfigurable stacked antenna array in the proposed 
work is comprised of a 4 x 4 array of 16 elements, shown in Figure 4.16. 
Considering different input combinations at the antenna element feeding 
ports can result in radiation patterns directed in different directions. Let's 
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Figure 4.14 Layout of the feeding network implemented in proposed pattern reconfigu- 
rable stacked antenna. (Source: Jun Hu, Zhang-Cheng Hao, and Yi Wang, "A 
Wideband Array Antenna with |-Bit Digital-Controllable Radiation Beams”, 
IEEE Access, Vol. 6, 2018 [26].) 


take the condition of feeding an antenna element through probe 1 as state 
“0” and feeding the antenna element through probe 2 as state “1”. Then, 
making different combinations of these states (i.e. different feeding ports 
for different antenna elements in the array) can change the radiation pattern 
of the entire antenna array. 

To change the antenna states dynamically, DC bias lines are connected 
to the feeding network through PIN diodes. With the change in DC bias at 
different lines, respective PIN diodes can be switched *ON" and *OFF", 
resulting in different states in each antenna element. The Figure 4.17 shows 
resultant radiation patterns for various combinations of bias conditions (or 
each antenna element state). 


4.5.4 Polarization reconfigurable stacked antenna design 


A circularly polarized reconfigurable and pattern switchable stacked 
antenna array, with dynamically switching LHCP and RHCP (for polariza- 
tion reconfigurability), is proposed in [28]. The proposed antenna consists 
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Figure 4.15 SII response and gain response of one antenna element of the proposed 
pattern reconfigurable stacked antenna. (Source: Jun Hu, Zhang-Cheng Hao, 
and Yi Wang, “A Wideband Array Antenna with |-Bit Digital-Controllable 
Radiation Beams”, IEEE Access, Vol. 6, 2018 [26].) 


(a) (b) 


Figure 4.16 Array structure of proposed pattern reconfigurable stacked antenna (a) 
top view, (b) back view of the feeding network. (Source: Jun Hu, Zhang- 
Cheng Hao, and Yi Wang, “A Wideband Array Antenna with |-Bit Digital- 
Controllable Radiation Beams”, IEEE Access, Vol. 6, 2018 [26].) 
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Figure 4.17 Simulated 3D radiation patterns of proposed pattern reconfigurable array 
antenna capable of l-bit digital control of the beam at 5.7 GHz for different 
modes due to different input sequences, (a) Mode 0 (0000000000000000), 
(b) Mode 1(001100110011001I), (c) Mode 3 (0000000011111111), (d) 
Mode 4 (1001100110011001), (e Mode 5 (11I10000000011III), (f) 
Mode 6 (110011000011001I), (g) Mode 7 (0110100110010110), (h) 
Mode 8 (11100110001001), (i) Mode 9 (OOOIOOOIOOIIIIII), (j) Mode 
10 (1110100000010111), (k) Mode II (1100100110010011), (I) Mode 12 
(0111000110001110), (m) Mode 13 (0011100110011100). (Source: Jun Hu, 
Zhang-Cheng Hao, and Yi Wang, "A Wideband Array Antenna with |-Bit 
Digital-Controllable Radiation Beams", IEEE Access, Vol. 6, 2018 [26].) 


of three different layers. The lowest layer has a feeding network for the 
reconfigurable antenna. The middle layer is the substrate integrated wave- 
guide (SIW) structure which is separated by the feeding network through 
0.762 mm RO4350B (e , = 3.66) substrate. Also, the SIW is made using 
0.762 mm RO4350B (e , = 3.66) substrate. The final upper-most layer is 
the parasitic patch layer, etched over 0.508 mm RO4350B substrate and 
with an air gap of 1.9 mm between it and the middle layer. This layer has 
four square patches printed over it in a symmetrically arranged manner as 
shown in Figure 4.18. The design parameters are listed in Table 4.4. 

The SIW cavity layer has an annular slot and two feeding ports with a 
microstrip feedline and microstrip to SIW transition, placed at orthogonal 
sides. The microstrip to SIW transition is designed to have a 50-ohm imped- 
ance to match it with the 50-ohm microstrip feedline. The annular slot 
when fed from one side, i.e. either of the two ports (port 1 or port 2), excites 
two orthogonal modes. But these are in phase; thus it has linear polar- 
ization. To have a 90-degree phase difference between these two excited 
orthogonal modes in this case, two additional rectangular slots are placed 
symmetrically about the annular slot for proper signal perturbation along 
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Figure 4.18 Geometry of proposed polarization reconfigurable antenna stacked with 
SIW cavity layer, (a) side view, (b) top view of parasitic patch, (c) SIW cav- 
ity layer, (d) feeding network. (Source: Chao Liu, Yongfeng Li Jiafu Wang, 
Tonghao Liu, Yajuan Han, and Shaobo Qu, “Polarization Reconfigurable and 
Beam-Switchable Array Antenna Using Switchable Feed Network”, IEEE 
Access, Vol. 10, pp: 29032-29039, Feb. 2022 [28].) 
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Table 4.4 Design parameters of proposed polarization reconfigurable stacked antenna 


[28] 
Parameter h, h, h, hy W, Gap! Gap2 rl r2 dk L, L, L, 
Value (in mm) 0.762 0.762 1.9 0.508 14106 09 4157759 68 2.9 
Parameter L, Ls L L L d p Wso Wa W3 Wiz Ws 
Value (in mm) 5 18 12338 23 | 1.7 165 5 05 30.96 


Figure 4.19 Array structure of proposed antenna element, (a) top view, (b) SIW cavity 
layer, (c) feed port view, (d) feeding network. (Source: Chao Liu, Yongfeng 
Li Jiafu Wang, Tonghao Liu, Yajuan Han, and Shaobo Qu, “Polarization 
Reconfigurable and Beam-Switchable Array Antenna Using Switchable Feed 
Network", IEEE Access, Vol. 10, pp: 29032-29039, Feb. 2022 [28].) 


the surface. This SIW cavity, bearing an annular slot along with orthogo- 
nally arranged rectangular slots, now yields circular polarization. The ori- 
entation of circular polarization can be changed by changing the port of 
excitation (i.e. switching between port 1 and port 2), which is achieved by 
proper feeding methodology. 

The feeding layer is comprised of a polarization switching and phase 
switching network (which changes the direction of radiation pattern). 
There are two states selection for polarization, i.e. LHCP and RHCP, and 
two phases, i.e. 0° and -130°. As shown in Fig.4ure 18(d), multiple switches 
are used to switch the signal path before it is fed to the SIW cavity and 
is then coupled to the parasitic patch. According to the proposed feeding 
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Table 4.5 Different states of operation of the antenna array [28] 


Polarization states ^ E, E, E, E, Coding Beam Direction (phi, theta) 


0/1 -130°, 0/1 Bl 0°, 0° 

-130? Ll 
-130^, 
-130? 
0?,0? 0/1 B2 0°, 22° 
-130°, 0011 
-130? 
-130^, 0/1 B3 90°, -22? 
-130? 1001 

0°, -130? 
-130°, 0/1 B4 0°, -22? 
-130° 1100 
0°, 0? 

0°, -130° 0/1 B5 90?, 22? 

-130?,0? 0110 


structure path 1, which corresponds to D1 and D4 *ON" and D2 and D3 
“OFF”, yields LHCP with —130? phase. Next the case D1 and D4 “OFF” 
while D2 and D3 “ON” yields RHCP with 0° phase. Similarly other states 
can be achieved by changing the biasing of diodes arranged in the feeding 
network. 

To make the proposed polarization reconfigurable antenna pattern 
reconfigurable too, an array of 2 x 2 antenna elements is used to modify 
the overall radiation pattern of the array antenna by utilizing the different 
phases achieved for different states of the feeding network, as shown in 
Figure 4.19. The summary of the antenna array’s beam angles for differ- 
ent phase state combinations of four antenna elements of the array is given 
in Table 4.5. The obtained return loss and gain of the proposed antenna 
are shown in Figure 4.20. The simulated 3D radiation patterns of the 2 x 
2 antenna array made using proposed antenna element for different input 
coding sequences are given in Figure 4.21. 


4.6 SUMMARY 


In this chapter, we discussed the fundamental concepts of reconfigurable 
antennas and reconfigurable stacked microstrip antennas, including recon- 
figuration techniques and various types of reconfigurability introduced in 
the antenna design. The primary focus was on the design methodologies 
of a variety of reconfigurable stacked microstrip antennas with different 
types of reconfigurability, covering the details of the design process and the 
results obtained. 
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Figure 4.20 Response of single element of proposed polarization reconfigurable antenna, 
(a) SII response, (b) antenna gain, for different polarization states. (Source: 
Chao Liu, Yongfeng Li Jiafu Wang, Tonghao Liu, Yajuan Han, and Shaobo Qu, 
“Polarization Reconfigurable and Beam-Switchable Array Antenna Using 
Switchable Feed Network", IEEE Access, Vol. 10, pp: 29032-29039, Feb. 
2022 [28].) 


(B4) (B5) 


Figure 4.21 Simulated 3D radiation patterns of the antenna array made of proposed 
polarization reconfigurable stacked antenna for different input coding 
sequences for LHCP mode. (Source: Chao Liu, Yongfeng Li Jiafu Wang, 
Tonghao Liu, Yajuan Han, and Shaobo Qu, “Polarization Reconfigurable and 
Beam-Switchable Array Antenna Using Switchable Feed Network", IEEE 
Access, Vol. 10, pp: 29032-29039, Feb. 2022 [28].) 
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Chapter 5 


Stacked microstrip 
antenna arrays 


5.1 INTRODUCTION 


Antenna arrays are widely used in several applications owing to their high 
gain and directivity as the multiple antenna elements are fed simultaneously 
to work as a single antenna. The power is fed to these multiple antennas 
according to a specific phase relationship between them to control the over- 
all radiation pattern. The relative phase of the adjacent antenna elements is 
controlled to obtain directional radiation patterns for point-to-point com- 
munication, beam steering for target scanning, rejecting interference from 
a particular angle, to give path diversity in the case of MIMO applica- 
tions, and more. Printed stacked antennas themselves have multiple verti- 
cally arranged printed resonators to enhance the gain and bandwidth of the 
single layer patch antenna. Antenna arrays made using such printed stacked 
antennas, along with the features of directive radiation pattern and ability 
to control it, have an added advantage of being broadband with high gain. 

Antenna arrays are fed by a properly designed feeding network to main- 
tain the desired phase relation among the antenna elements. The relative 
phase difference and excitation amplitude of the consecutive antenna ele- 
ments are the controlling factors of the radiation pattern of the whole array. 
The direction of radiation and the beamwidth can be controlled by adjust- 
ing these two factors in the array. The phase difference is dependent on 
the lengths of the transmission lines feeding different array elements and 
the excitation current is dependent on the source. The element-to-element 
spacing is also a crucial parameter in the design of the antenna array and 
its feeding network, as it affects the overall radiation efficiency and gain 
of the array antenna. These feeding networks are designed to operate in 
the antenna's operating frequency range. In the case of broadband stacked 
antenna elements, used to construct an antenna array, these feeding net- 
works must be designed at the centre frequency of the operating bandwidth. 
Further, the feeding network must operate over the desired wide bandwidth 
in case of any broadband antenna array and specifically for these inherently 
broadband stacked antenna arrays. Various stacked antenna array design 
techniques have been discussed in this chapter. Furthermore, some design 
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examples along with their measurement results are discussed thoroughly in 
the upcoming sections. 


5.2 ANTENNA ARRAY FEEDING NETWORK 


5.2.1 Traditional feeding network 


As discussed in the previous section, feeding network design is crucial for the 
operation of antenna arrays. The design of the feeding network is decided by 
the output parameters, such as direction of maximum radiation, beamwidth, 
etc. The feeding network controls the phase relationship among the multiple 
elements of the antenna array and therefore affects the individual element 
radiation pattern, which in turn affects the overall radiation pattern of the 
array. In [1] mathematical relations have been developed to calculate excita- 
tion at each antenna element of the array to obtain the desired phase relation 
between them and thus the desired overall radiation pattern of the antenna 
array. A complete procedure of designing a feed network based on transmis- 
sion lines is discussed in this work, which can achieve the desired excita- 
tions of each antenna element of the array. Moreover, in [2], a surface-current 
model approach is used to analyze the total radiated power of the antenna 
array. Here each radiating patch and feeding transmission-line is replaced 
with an equivalent current source element. Currents for radiating patches 
are obtained using transmission-line or cavity model concepts, while for the 
feeding transmission-lines, they are calculated as travelling waves. Through 
these currents, the power radiated and power in surface waves are calculated 
based on the proper Green function. Also, conductor and dielectric losses 
can be calculated through standard formulae. This approach thus helps in 
the overall calculation of total power radiated and dissipated for the given 
input power in every antenna element. Also, the phase relationship among 
the elements is calculated and controlled. This method helps in designing the 
antenna array based on the desired output radiation, through an analytical 
approach. Moreover, it is shown that dissipative losses are increased with the 
increase in transmission-line lengths of the feeding network. Thus, if antenna 
elements are spaced far from each other, the surface wave losses increase. 
This shows that losses are minimal for the separation of 4/2, while they are 
maximum for the separation of 4,. Further, it is observed that dielectric and 
ohmic losses increase with a greater number of antenna elements in the array. 


5.2.2 Sequential feeding network 


Apart from a traditional feeding network with equal power and phase dis- 
tribution in the elements, different variations in the geometry of the feed- 
ing network can be carried out to change the phase relation between the 
consecutive antenna elements. In [3], a sequential-phase feeding network is 
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proposed to achieve circular polarization of the antenna array. In this work, 
a series-parallel curved transmission-line-based feed line is designed which 
sequentially feeds four equally spaced radiating elements arranged in a cir- 
cular fashion about the feed. This geometry allows each element to be fed 
with a different phase and this phase can be controlled through the length 
of transmission-line segments between the two elements. In this case, to 
achieve circular polarization, the phases among the four antenna elements 
are maintained at 0°, 90°, 180°, and 270° respectively. Moreover, antenna 
elements are truncated at the corners to enhance the axial ratio bandwidth. 


5.2.3 Slot-coupled feeding network 


The feeding networks described in the previous sections are made of printed 
microstrip transmission-lines. A different approach for designing the feeding 
network is also reported in the literature, where the slot-coupling type of feed 
is proposed. In slot/aperture-coupled antennas, power to the antenna is fed 
through a slot placed above the feed line. Similarly, for the antenna array, a 
complete feeding network can be coupled to the radiating patches through 
the slot, where input power is divided through the feed network and is cou- 
pled as electromagnetic energy to the antenna elements. A feeding network 
is proposed in [4] where there is a microstrip-slot line transition for energy 
transfer from the feed to the patch. A printed feed line couples and distrib- 
utes energy to radiating elements through a slot-line. The slot-line is placed 
orthogonally with respect to the feed line (which provides 180° phase shift at 
the output port) and couples energy to two series-fed elements on each side 
of the slot-line. To keep the power distribution among the elements equal, the 
feed line is placed centrally with respect to the antenna elements and also the 
slot-line is placed symmetrically and centrally with respect to the elements. 

Further, a slot-coupled feed network for an 8 x 8 antenna array is also 
proposed in [5]. However, here, series-fed antenna elements are fed cen- 
trally through a slot at the centre of each column, i.e. at the centre of the 
eight elements (four on each side) in each column. A 1:8 power divider is 
designed and printed at the lowest layer. The slot is etched at the middle 
layer, placed centrally above each output port of the feeding network and 
also placed centrally with respect to antenna elements arranged in series in 
a line. This arrangement yields a series-parallel feeding of 64 antenna ele- 
ments through reduced transmission-lines in the feeding network and also 
reduced overall losses. 


5.3 PRINTED STACKED ANTENNA ARRAY 
DESIGN TECHNIQUES 


There are many proposed printed stacked antenna arrays in the literature 
for applications targeting broad bandwidth and high gain. Different design 
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techniques are used to achieve the desired antenna array response. A few 
design cases are discussed in the section below. 


5.3.1 Planar stacked microstrip antenna array 


In [6] a broadband circularly polarized stacked antenna array is presented 
which operates in the S-band frequency region. The antenna element com- 
prises a microstrip-fed driven patch and a parasitic patch, both printed on 
RT Duroid 5870 substrate separated by an air gap of 5 mm. The lower 
substrate is 3.15 mm thick while the upper substrate has a thickness of 
1.575 mm. To achieve circular polarization, the square patch is truncated 
at the two orthogonal edges. The stacking of two patches, with different 
dimensions, yields a broadband response due to the two different reso- 
nant frequencies of the driven and parasitic patches. This designed stacked 
antenna element is then used to make an array of 2 x 2 elements arranged 
in a square fashion. A corporate feed network is used for feeding the array, 
where the probe feed is connected at the centre of the network as shown in 
Figure 5.1. The spacing between antenna array elements kept in the present 
design is 0.754 (A is calculated at the centre frequency of the band, i.e. 2.2 
GHz), which is obtained after optimization. The proposed antenna array 
has 17 dBi peak gain and sufficiently wide bandwidth of 16% (2.02-2.38 
GHI) and an axial ratio below 3 dB in the range 2.15—2.4 GHz. Thus, 
a stacked antenna array is a solution to high gain and broad bandwidth 
requirements. The design parameters of the proposed circularly polarized 
antenna are listed in Table 5.1. 


5.3.2 Planar stacked antenna array 
design using meta-surface 


An aperture-coupled stacked antenna array is proposed in [7], where a 
quadruple cluster of leaf-shaped meta-surface-based antenna elements 
are designed. The antenna is circularly polarized and has a wide operat- 
ing bandwidth in the sub-6 GHz band. The antenna geometry is depicted 
in Figure 5.2, where 4 clusters of 4 x 4 leaf-shaped (modified truncated 
patches) antenna elements at the upper patch layer are shown. The middle 
layer of the stacking consists of a slot in the ground plane to couple the radi- 
ated electromagnetic energy to the upper patch (driven patch). The lower- 
most layer consists of the feed network, where a single feed element looks 
as depicted in Figure 5.2(c). The feed consists of a microstrip feed line along 
with the fan-shaped structure truncating the feed line. This fan-shaped 
structure helps in improved impedance matching of the antenna. 

The stacked substrates have a dielectric constant of 4.3 and dimensions 
of 60 mm x 60 mm. The heights of the upper, middle, and lower substrates 
are 1.6 mm, 1.6 mm, and 0.8 mm respectively. The upper substrate has 4 
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(b) 


w2 


Figure 5.1 Circularly polarized stacked antenna array, (a) 3D view, (b) two layers of the 
antenna. Redrawn from [6]. 


x 4 leaf-shaped structures, made of truncated squares of size 12.6 mm and 
a truncation radius of 6 mm. The gap between subsequent leaf structures 
is maintained at 0.8 mm in this present design. The middle layer has a slot 
of dimensions 2 mm x 32 mm and the lower layer contains the feed line 
of width 1.5 mm and length 30 mm, terminated with a fan-shaped stub of 
radius 0 = 120°. The final design of the antenna is obtained in three phases 
as shown in Figure 5.3. 
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Table 5.1 Design parameters of the proposed circularly polarized antenna [6] 


Parameter L, W, L, W, w, Ww a b L, L, 


Value (in mm) 33.8 33.8 377 377 43 65 10.2 772 28 25 


hhz hs 
7] 


Figure 5.2 Geometry of proposed antenna with quadruple leaf-shaped patches (a) top 


view, (b) side view, (c) bottom view showing aperture and the fan shaped trun- 
cated feed line. (Source: Nathapat Supreeyatitikul, Pisit Janpangngern, Titipong 
Lertwiriyarapa, Monai Krairiksh, and Chuwong Phongcharoenpanich, *CMA- 
Based Quadruple-Cluster Leaf-Shaped Metasurface-Based Wideband Circularly- 
Polarized Stacked-Patch Antenna Array for Sub-6 GHz 5G Applications", IEEE 
Access, Vol. | |, pp: 14511—14523, 2023 [7].) 


(a) 


Figure 5.3 
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(b) ) 


Stages of evolution of the proposed antenna (a) Antenna | (I square patch), 
(b) Antenna II (16 small square patches), (c) Antenna III (16 small leaf-shaped 
patches). (Source: Nathapat Supreeyatitikul, Pisit Janpangngern, Titipong 
Lertwiriyarapa, Monai Krairiksh, and Chuwong Phongcharoenpanich, 
“CMA-Based Quadruple-Cluster Leaf-Shaped Metasurface-Based Wideband 
Circularly-Polarized Stacked-Patch Antenna Array for Sub-6 GHz 5G 
Applications", IEEE Access, Vol. Il, pp: 14511—14523, 2023 [7].) 
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Initially, a square-shaped patch (Antenna I) of dimensions 54.4 mm x 
54.4 mm was designed to operate in the C-band region around 3 GHz. 
Then the design modification resulted in Antenna II, where one patch is 
replaced by 4 x 4 small square patches of dimensions 12.6 mm x 12.6 mm 
with a gap of 0.8 mm. This modification resulted in improved impedance 
bandwidth of the antenna. In the third phase, the antenna design is further 
modified, where the edges of square patches have been curved out to trans- 
form the shape to a leaf-like structure, which resulted in Antenna III. The 
final design Antenna III has 53.45% bandwidth from 3.6 to 5.7 GHz. The 
S,, response of all three antenna designs is shown in Figure 5.4(a). Moreover, 
Figure 5.4(b) shows the axial ratio of all three antenna designs with respect 
to frequency. The axial ratio response of antenna designs I and II shows 
that they are linearly polarized, while the truncation of square patches in 
Antenna III results in circular polarization as evident by the 15.25% axial 
ratio bandwidth (3.8—4.5 GHz) of this final design. The design parameters 
of the proposed antenna are listed in Table 5.2. 

The proposed aperture-coupled broadband stacked antenna is further 
used to make an array of 4 elements, with each element comprising 4 x 4 
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39. 39 
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—* Antena ll 
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(a) Frequency (GHz) (b) Frequency (GHz) 


Figure 5.4 Response of proposed antenna at different design stages, (a) Sj, response, 
(b) axial ratio bandwidth and gain. (Source: Nathapat Supreeyatitikul, Pisit 
Janpangngern, Titipong Lertwiriyarapa, Monai Krairiksh, and Chuwong 
Phongcharoenpanich, “CMA-Based ^ Quadruple-Cluster ^ Leaf-Shaped 
Metasurface-Based Wideband Circularly-Polarized Stacked-Patch Antenna 
Array for Sub-6 GHz 5G Applications", IEEE Access, Vol. Il, pp: 14511—14523, 
2023 [7].) 


Table 5.2 Design parameters of proposed quadruple 
leaf-shaped antenna array [7] 


Parameter W,, bu, h, h Hh a R, 


Value (mm) 60 60 16 16 08 126 6 
Parameter g, W, L Ww, L 0 


s S 


Value (mm) 0.8 2 32 15 30 120 
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Figure 5.5 Fabricated four element array structure of proposed antenna (a) top view, 
(b) feeding network. (Source: Nathapat Supreeyatitikul, Pisit Janpangngern, 
Titipong Lertwiriyarapa, Monai Krairiksh, and Chuwong Phongcharoenpanich, 
"CMA-Based Quadruple-Cluster Leaf-Shaped Metasurface-Based Wideband 
Circularly-Polarized Stacked-Patch Antenna Array for Sub-6 GHz 5G 
Applications", IEEE Access, Vol. Il, pp: 14511—14523, 2023 [7].) 


(16) leaf-shaped patches, depicted in Figure 5.5. The array is fed through 
three hybrid couplers, where one is a hybrid ring coupler and two are 
quadrature hybrid couplers. The ring hybrid coupler design and dimensions 
are obtained at a centre frequency of 4 GHz and this is used to divide power 
in the two output ports with a 180? phase shift. The quadrature hybrid cou- 
pler is also designed at a centre frequency of 4 GHz, and to give a 90? phase 
shift between the two output ports. The input port is connected to a hybrid 
ring coupler, which in turn is connected to two hybrid quadrature couplers 
with two output ports each at the quadrature phase. Thus, there are a total 
of four output ports with a quadrature phase shift among each other, with 
equal magnitude for circularly polarized radiation. The measured imped- 
ance bandwidth of the proposed antenna array is 69% while the axial ratio 
bandwidth is 2196, shown in Figure 5.6. 


5.3.3 Shared aperture stacked antenna array 


A shared aperture dual-band patch antenna array is proposed [8], which 
uniquely combines two different operating band antennas arranged in a sin- 
gle shared aperture. The concept is to utilize the difference between antenna 
dimensions at different operating frequency bands. Here the two frequency 
bands used are Ka-band and E-band, where antenna dimensions at these 
operating frequencies differ a lot. The smaller E-band patches are made 
to adjust within the larger aperture/dimension of the Ka-band patch, such 
that the E-band patches are adjusted within the square perforations made 
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IS, | (dB) 
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Figure 5.6 Response of four element antenna array of the proposed antenna (a) 
S, response, (b) axial ratio bandwidth and gain. (Source: Nathapat 
Supreeyatitikul, Pisit Janpangngern, Titipong Lertwiriyarapa, Monai Krairiksh, 
and Chuwong Phongcharoenpanich, "CMA-Based Quadruple-Cluster Leaf- 
Shaped Metasurface-Based Wideband Circularly-Polarized Stacked-Patch 
Antenna Array for Sub-6 GHz 5G Applications", IEEE Access, Vol. I1, pp: 
14511—14523, 2023 [7].) 


inside the Ka-band patch as shown in Figure 5.7. Further, another layer 
of E-band patches is arranged in a stacked configuration beneath the first 
driven layer of the Ka-band patch. This stacked configuration of the E-band 
patch array is fed through a slot-coupling mechanism to avoid losses at 
higher frequency. To feed the E-band antenna array through slot-coupling, 
a corporate feed network is printed beneath the lower-most substrate layer, 
above which is placed the ground plane with a slot, which then feeds the 
two-layered E-band stacked antenna array (placed above the ground plane) 
through the slots etched below each antenna element. The 3D geometry of 
the proposed stacked shared aperture antenna array is shown in Figure 5.8 
and the feeding network for the E-band antenna is shown in Figure 5.9. The 
proposed antenna's design parameters are listed in Table 5.3. 

The E-band antenna array is designed keeping two design constraints in 
mind: one is to reduce the E-band patch size as much as possible to fit them 
inside Ka-band perforations, and the second is to keep the element spacing 
between E-band array elements in the range 0.54 , to 0.84 , to avoid side 
lobes (4 , is the free-space wavelength at the centre frequency of the operat- 
ing band). 

The feeding of this shared aperture dual-band antenna needs to be 
done carefully as the feed line of the K-band antenna is at the upper-most 
layer, while the feed network of the E-band stacked antenna array is at 
the lower-most layer. The Ka-band patch is fed by a 50-ohm microstrip 
feed line, connected to the patch through a quarter-wave transformer. The 
E-band stacked antenna array is fed via an antipodal fin-line waveguide to a 
microstrip transition line feeding the corporate feed network which couples 
the energy to the E-band stacked array through a slot-coupling mechanism. 
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Figure 5.7 Proposed antenna top view showing aperture sharing among Ka-band and 
E-band patches. (Source: Zongxin Wang and Zeqin Huang, “A Microwave/ 
Millimeter Wave Dual-Band Shared Aperture Patch Antenna Array”, IEEE 
Access, Vol. 8, pp: 218585-218591, Nov 2020 [8].) 


This minimizes losses at the SMA connector and microstrip feed line con- 
nection at higher frequencies. The response of this dual-band antenna is 
shown in Figure 5.10 and Figure 5.11, depicting the response of the E-band 
and Ka-band antennas respectively. The antenna is finally placed in the 
metal cavity as shown in Figure 5.12. The fabricated prototype is shown in 
Figure 5.13. 

The above-mentioned shared aperture antenna is further used to design 
an antenna array of 2 x 4 Ka-band antenna elements and 8 x 16 E-band 
antenna elements as shown in Figure 5.14(a). Here the corporate feed net- 
work is designed for both E-band and Ka-band antenna elements, with 
Ka-band elements being directly fed via microstrip feed line through match- 
ing transmission-line sections; the E-band stacked antenna array is fed via 
waveguide-to-microstrip line transition through the slot-coupling mecha- 
nism, shown in Figure 5.14(b). The matching transmission-line sections 
are also inserted in the E-band feeding network to improve the impedance 
matching. This dual-band stacked antenna array has high gain in both 
operating bands. In the E-band the obtained peak co-polarization gain is 
24.7 dB while in the Ka-band region it is 15.5 dB. 
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Figure 5.8 3D view of proposed shared aperture stacked antenna comprising of 
E-band and Ka-band elements. (Source: Zongxin Wang and Zeqin Huang, 
"A Microwave/Millimeter Wave Dual-Band Shared Aperture Patch Antenna 
Array", IEEE Access, Vol. 8, pp: 218585-218591, Nov 2020 [8].) 


5.3.4 Stacked antenna array fed vertically 


A vertically arranged antenna array is presented in [9], wherein stacked 
antenna elements are treated as directors when only the lower patch is 
excited as well as array elements when all the patches are independently 
excited. These two cases are called directivity mode and diversity mode 
respectively. In the directive mode the antenna acts as a printed stacked 
yagi-uda antenna with only the lower patch being fed and the upper layer 
patches act as directors to increase the directivity and gain of the antenna, 
shown in Figure 5.15. While in diversity mode, all the stacked patch ele- 
ments are being fed through multiple ports, which causes diverse radiation 
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Figure 5.9 Feeding network of E-band array elements through aperture-coupling. 
(Source: Zongxin Wang and Zeqin Huang, “A Microwave/Millimeter Wave 
Dual-Band Shared Aperture Patch Antenna Array”, IEEE Access, Vol. 8, pp: 
218585-218591, Nov 2020 [8].) 


Table 5.3 Design parameters of aperture-shared stacked antenna [8] 


Parameter K, K, E, E, U, U, S, S, S, 


Value (mm) 3.1 36 08 07 15 1.5 0.8 0.144 0.262 
Parameter W, Ww W D, D hoc hpce2 hece3 
Value (mm) 025 03  À 20.4 13 1.04 0.254 0.254 0.127 


patterns when the other three ports, i.e. at layers 2, 3, and 4, are excited. 
To operate in diversity mode, all the patch layers need to be fed through 
the source. To achieve this without increasing impedance mismatch at port 
1 for directivity mode, a hybrid microstrip-CPW feed line is used. The 
patch at layer 1 is microstrip-fed with a matching transmission-line section, 
while the patches at the above layers are fed with CPW feed, a long curved 
feeding transmission-line, as an additional stub for improved impedance 
matching in both directivity and diversity modes of operation, as shown in 
Figure 5.16. The simulated S}; response at different ports is shown in Figure 
5.17. The gain of the stacked antenna array in directivity mode is shown in 
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Figure 5.10 S,, response of the proposed shared aperture stacked antenna at E-band. 
(Source: Zongxin Wang and Zeqin Huang, "A Microwave/Millimeter Wave 
Dual-Band Shared Aperture Patch Antenna Array", IEEE Access, Vol. 8, pp: 
218585-218591, Nov 2020 [8].) 
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Figure 5.11 S, response of proposed shared aperture stacked antenna at Ka-band. 
Source: Zongxin Wang and Zeqin Huang, "A Microwave/Millimeter Wave 
Dual-Band Shared Aperture Patch Antenna Array", IEEE Access, Vol. 8, pp: 
218585-218591, Nov 2020 [8].) 


Figure 5.18, which is around 7 dBi, while the radiation patterns in diversity 
mode are shown in Figure 5.19. In diversity mode isolation is higher than 
17.5 dB at the operating frequency of 2.45 GHz. The design parameters of 
the proposed antenna array are listed in Table 5.4. 
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Waveguide port to microstrip line transition 


Figure 5.12 View of shared aperture stacked antenna inside metal cavity. (Source: 
Zongxin Wang and Zeqin Huang, “A Microwave/Millimeter Wave Dual-Band 
Shared Aperture Patch Antenna Array", IEEE Access, Vol. 8, pp: 218585— 
218591, Nov 2020 [8].) 


Figure 5.13 Fabricated prototype of shared aperture stacked antenna, (a) antenna with- 
out metal cavity, (b) top view with metal cavity, (c) side view showing with 
metal cavity waveguide port. (Source: Zongxin Wang and Zeqin Huang, 
"A Microwave/Millimeter Wave Dual-Band Shared Aperture Patch Antenna 
Array", IEEE Access, Vol. 8, pp: 218585-218591, Nov 2020 [8].) 


5.4 APPLICATIONS OF STACKED ANTENNA ARRAYS 


As discussed earlier in this chapter, stacked antenna arrays have the added 
advantage of being broadband along with conventional array benefits of 
high gain and high directivity. As microstrip stacked antennas are printed 
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Figure 5.14 Antenna array made of aperture shared stacked antenna, (a) top view showing 
E-band and Ka-band patches and Ka-band feeding network, (b) bottom view 
showing the E-band feeding network. (Source: Zongxin Wang and Zeqin 
Huang, "A Microwave/Millimeter Wave Dual-Band Shared Aperture Patch 
Antenna Array", IEEE Access, Vol. 8, pp: 218585-218591, Nov 2020 [8].) 


structures and are compact too, they are quite useful in wireless commu- 
nication applications where other circuits are mostly PCBs. These printed 
stacked antennas can be easily integrated with other circuit components and 
additionally provide wide bandwidth for communication purposes. Antenna 
arrays made of stacked antenna elements are quite useful for the high band- 
width and high data rate requirements of today's wireless communication 
industry. These stacked antenna arrays are high-gain wide-bandwidth anten- 
nas and can be used for applications like sub-6 GHz 5G band [10, 11], and 
are also commonly used in base-station applications [12]. Circularly polar- 
ized antenna arrays are also very useful in the wireless industry, as orthogo- 
nal polarizations can be both transmitted and more importantly received 
without any significant losses. These stacked antenna arrays also find appli- 
cations in back-haul services [13] and recent millimetre-wave applications 


132 Stacked Antennas 


Figure 5.15 Geometry of stacked antenna array in directivity mode with only driven 
patch being fed, (a) 3D view, (b) side view. Reproduced with permission from 
IEEE [9]. 


W 


(c) 


Figure 5.16 Geometry of stacked antenna array in diversity mode, (a) Layer |, (b) Layer 
2, (c) Layer 3, d) Layer 4. Reproduced with permission from IEEE [9]. 
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Figure 5.17 Simulated S-parameters of stacked antenna array in diversity mode. 
Reproduced with permission from IEEE [9]. 


[14]. Such high-gain and broad bandwidth antenna arrays are an important 
component of satellite communication applications [15] and for point-to- 
point as well as point-to-multipoint communications [16]. 

Overall, these printed stacked antenna arrays are a very useful compo- 
nent of today’s wireless communication industry where the property of high 
gain is of prime importance for long-distance communications, while the 
property of wide bandwidth is essential for high data rates. 


5.5 SUMMARY 


This chapter demonstrated the design and the concepts related to differ- 
ent types of printed stacked antenna arrays. The basics of antenna arrays 
were detailed initially, along with different types of antenna array feeding 
networks. The chapter then delved into various types of printed stacked 
antenna array design techniques along with their measured results. The 
chapter then concluded with the wide range of applications of stacked 
antenna arrays. 
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^«^ [7227 Without feeding lines 
=e: With straight feeding lines 
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(c) 180 
Figure 5.18 Stacked antenna array (a) with straight feeding lines, (b) with curved feeding 


lines, (c) gain for different types of feeding lines at 2.45 GHz. Reproduced 
with permission from IEEE [9]. 
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Figure 5.19 Simulated and measured radiation patterns of stacked antenna array (a) when 
port | is excited (directivity mode), and in diversity mode when (b) port2, (c) 
port3, and (d) port4 are excited. Reproduced with permission from IEEE [9]. 


Table 5.4 Design parameters of proposed stacked antenna array [9] 


Parameter WwW L R, R R; R, W, W, W; G, 
Value (in mm) 102.2 1022 17.2 18 16 17 3 0.7 46 0.5 
Parameter W, W; W L L L; L Ls Ls G, 
Value (in mm)  ! l 10 20 13.9 21.38 6 23.19 21.89 0.4 
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Chapter 6 


Advantages, limitations, 
and applications of stacked 
microstrip antennas 


6.1 INTRODUCTION 


Printed stacked microstrip antennas are used in many applications nowa- 
days due to their low profile, improved gain, and wide bandwidth proper- 
ties. Further, these printed stacked antennas find ease of integration with 
other printed circuits in many applications. The stacked microstrip anten- 
nas, specifically having planar/unbroken ground planes, are useful for inte- 
gration with circuits having a common large ground plane without altering 
their performance. However, along with their advantages, these antennas 
also exhibit some limitations in implementation in some cases. Further, 
these antennas also suffer from some design constraints and also design 
complexity. The details related to several advantages and also the limita- 
tions exhibited by these stacked microstrip antennas will be discussed in the 
upcoming sections of this chapter. The chapter will further unfold various 
possible applications of stacked antennas in many diverse fields. 


6.2 ADVANTAGES OF STACKED MICROSTRIP ANTENNAS 


Stacked microstrip antennas have been discussed in detail in the previ- 
ous chapters in terms of their design techniques, mathematical relations 
involved, design simulations, and the measured results. These printed 
stacked antennas have many advantages and are therefore useful in a lot 
of applications. The advantages of printed stacked microstrip antennas are 
listed as follows: 


a) Low profile/compact 

b) Ease of integration with printed circuits 

c) Multiple resonances for multiband operation 
d) Wideband response for broadband applications 
e) High gain 

f) Stable unidirectional radiation patterns 
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Stacked microstrip antennas have the advantages of a low profile and easy 
integration with other printed circuitry, as the basic microstrip antennas 
have. They are designed similarly to other printed microstrip antennas, with 
the only difference of additional vertically arranged parasitic patch lay- 
ers. They are fed through either a microstrip feed line or probe feed and in 
some cases aperture-coupled feed or proximity-coupled feeds are also used. 
These feeding techniques can all be easily implemented in printed circuitry 
and thus can be integrated easily with other printed components. If limited 
stacked layers are used (two to three), the overall antenna volume is also low 
and can fit in small areas, for example in handsets. Furthermore, as discussed 
in Chapter 1, multiple parasitic resonator layers stacked above the driven 
patch, when excited through electromagnetic coupling, create multiple 
resonances. These multiple resonances are useful for many communication 
applications where different operating bands are targeted simultaneously. 
Moreover, these multiple resonances may result in a broadband response 
when the resonances lie close to each other in the frequency band. This 
property of the wide operating bandwidth of stacked microstrip antennas 
is very useful in wireless communication with high data rate requirements. 
The stacked parasitic layers in these stacked antennas act as directors of 
the energy radiated by the driven patch. Therefore, the stacked microstrip 
antennas have an advantage of having higher gain compared to single-layer 
printed antennas. The multiple stacked substrate layers also increase the 
effective substrate thickness of the antenna and therefore increase the total 
radiated energy. Moreover, the stacked microstrip antennas, specifically 
microstrip-fed stacked antennas, have mostly stable and unidirectional radi- 
ation patterns in the operating band due to their unbroken uniform ground 
plane. These unidirectional radiation patterns are very useful in applications 
like target scanning, remote sensing, satellite communication, and also dedi- 
cated user communication. Further, these stacked microstrip antennas are 
suitable for use in circuits employing integration of all the components on 
a common large ground plane, as their performance remains unaltered with 
the size of the ground plane (owing to their uniform ground plane geometry). 


6.3 A FEW LIMITATIONS OF STACKED ANTENNAS 


The advantages of stacked antennas are discussed in the previous section, 
which proves their potential for use in plenty of applications. However, 
there are some limitations of stacked antennas that need to be consid- 
ered according to the specific application requirements. The limitations of 
stacked antennas are listed as follows: 


a) Complex design 
b) Complex analysis 
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c) Limitation of the number of parasitic layers possible practically 
d) Overall increase in volume 


The multi-layered stacked microstrip antennas have a complex design, 
where many design parameters play crucial roles and contribute to the 
antenna's response. Considering all the crucial design parameters is impor- 
tant to obtain the desired response and it sometimes becomes tedious to 
optimize all of them in the process of stacked antenna design and optimiza- 
tion. Many parameters need to be considered simultaneously: the substrate 
properties of multiple layers, the shape and relative placement/alignment 
of multiple patches, patch dimensions, and the type of excitation. This 
increases design complexity and total time consumed in the design of these 
multi-layered stacked antennas compared to single-layer antennas. 

Along with the complex design, the analysis of these stacked antennas is 
quite complex. The computational time increases a lot in the case of full- 
wave analysis and also increases comparatively in the case of static analysis 
of these antennas. As discussed in Chapter 3, several circuit-level param- 
eters need careful study for the complete static analysis of multi-layered 
stacked antennas. Any variation in any of the stacked layers directly affects 
and changes the overall input impedance of the antenna. Therefore, in static 
analysis, consideration of every effect is essential for the results to be in 
agreement with simulated results. 

As discussed earlier, the stacked parasitic layers arranged vertically above 
the driven patch act as directors of radiated energy and can help in the 
improvement of overall antenna gain. However, there is a limitation to the 
number of stacked layers that can be added in the stacked configuration, as 
the energy coupled to these parasitic patches reduces with the addition of 
every other layer. The significant amount of electromagnetic energy being 
coupled to the parasitic patches reduces drastically with every new layer, and 
thus mostly beyond two or three stacked layers this becomes insignificant. 
Thus, one cannot go on increasing the effective dielectric height and the num- 
ber of stacked layers for further improvement in antenna gain and bandwidth. 

The vertical arrangement of stacked layers increases the overall antenna 
volume compared to single-layer antennas and may be avoided in case of 
volume constraints. In such cases, bandwidth can be increased by using 
defective ground surface (DGS) if a unidirectional radiation pattern is not 
a specific requirement of the application. The antenna structures with DGS 
will have bi-directional radiation patterns compared to broadband printed 
stacked microstrip antennas, which have unidirectional radiation patterns. 


6.4 POTENTIAL APPLICATIONS OF 
STACKED MICROSTRIP ANTENNAS 


Stacked microstrip antennas are widely used in plenty of applications 
these days. Owing to their compact nature, many applications requiring 
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integrated or on-chip antennas can benefit from the use of these stacked 
antennas, which inherently have broader bandwidth compared to single- 
layer printed antennas. Some of the potential applications are listed below 
and are then discussed briefly. 


4G mobile communication 
4G/5G/6G communication 
IoT applications 

Satellite communication 
Remote sensing 
Microwave imaging 

RF energy harvesting 
Wearable electronics 


Ew eo £0 5 E 


6.4.1 Application of stacked microstrip 
antennas in 4G/5G/6G communication 


The stacked microstrip antennas play a crucial role in the wireless com- 
munication industry due to their wide bandwidth and improved gain. They 
are commonly used in mobile communication for 4G/5G/6G bands [1, 2]. 
Further, for advanced 5G/6G operation, where high data rates are essential, 
these broadband antennas with stable (and mostly unidirectional) radia- 
tion patterns are widely used. In 5G/6G communication, high-gain stacked 
antenna arrays are used to achieve beamforming for point-to-point com- 
munication for multiple users. The specific advantage of stacked antenna 
arrays in these applications is due to the system requirements of overall 
high gain for long-distance communication and wide bandwidth operation 
to accommodate high data rates. Due to these requirements, stacked anten- 
nas fit these applications well and are suitable for use in MIMO antenna 
arrays [3-7]. 

A stacked mm-wave antenna array design is demonstrated in [3], which 
provides the capability of beam scanning to multiple angles and is thus 
suitable for 5G communication at the upper 5G band. The layouts of the 
stacked antenna element and the designed array are shown in Figure 6.1. 
The antenna operates in two broad bands, i.e. from 24 to 28 GHz and 36 
to 42 GHz. The beam scanning at 26 GHz is shown in Figure 6.2 and at 38 
GHz in Figure 6.3 with different scanning angles. The beam scanning angle 
of +63° is achieved at the lower band, while that of +45° is achieved at the 
upper band with this given antenna array configuration. 

Further, in Figure 6.4 a dual-port stacked MIMO antenna design is 
depicted, which has a quasi-omnidirectional radiation pattern with circular 
polarization, operating in the 9-14 GHz frequency range [4]. The stack- 
ing layers are comprised of reactive impedance surface (RIS) and frequency 
selective surface (FSS) layers. This proposed antenna has a high gain, 
with a quasi-omnidirectional radiation pattern owing to the semi-broken 
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Figure 6.1 (a) Layout of mm-wave stacked antenna, (b) 3D layout of mm-wave stacked 
antenna array. (Source: Yuqi He, Sihan Lv, Luyuzhao, Guan-Long Huang, Xiaoming 
Chen, and Wei Lin, "A Compact Dual-Band and Dual-Polarized Millimeter-Wave 
Beam Scanning Antenna Array for 5G Mobile Terminals," IEEE Access, Vol. 9, pp: 
109042-109052, Aug 2021 [3].) 


ground plane. The measured SAR and power density values are within the 
acceptable limits, as shown in Figure 6.5. This type of antenna can be quite 
useful for mobile communication and also for satellite communication 
applications. 


6.4.2 Application of stacked microstrip 
antennas in loT 


The Internet-of-Things (IoT) is a network of smart systems/machines 
capable of interacting with each other through the Internet. These systems 
include sensors to collect the data, the ability to process and interpret the 
data, and techniques to exchange the data with other systems. These are 
mostly indoor applications and require point-to-point communication. The 
important requirement in these systems is to have a low latency rate when 
the information is exchanged between the two systems. This needs wide 
bandwidth transceivers to be used at the front ends (at both the transmitter 
and receiver). Stacked patch antennas are again useful in this case, due to 
their wide bandwidth and miniaturized dimensions, and therefore many 
researchers have proposed their usage for future IoT applications [8—10]. 


6.4.3 Application of stacked microstrip 
antennas in satellite communication 


Stacked antennas are used for satellite communication applications as they 
exhibit better gain and directivity, which is needed in satellite communi- 
cation. In [11], a reconfigurable stacked antenna is used in the lower sat- 
ellite communication band which can be useful in vehicle-bound satellite 
communication. A compact and broadband printed stacked antenna is pro- 
posed in [12], operating at Ka-band which is suitable for CubeSat applica- 
tions. The antenna has a bandwidth of 5.53 GHz at a centre frequency of 
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Figure 6.2 3D radiation patterns of *45? polarization at 26 GHz with different phi angles 
in the plane of theta 90? (a) 0°, (b) 15°, (c) 30°, (d) 45°, and (e) 60°. (Source: 
Yuqi He, Sihan Lv, Luyuzhao, Guan-Long Huang, Xiaoming Chen, and Wei Lin, 
“A Compact Dual-Band and Dual-Polarized Millimeter-Wave Beam Scanning 
Antenna Array for 5G Mobile Terminals," IEEE Access, Vol. 9, pp: 109042— 
109052, Aug 2021 [3].) 
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Figure 6.3 3D radiation patterns of +45° polarization at 38 GHz with different phi angles 
in the plane of theta 90° (a) 0°, (b) 15°, (c) 30°, and (d) 45°. (Source: Yuqi 
He, Sihan Lv, Luyuzhao, Guan-Long Huang, Xiaoming Chen, and Wei Lin, 
“A Compact Dual-Band and Dual-Polarized Millimeter-Wave Beam Scanning 
Antenna Array for 5G Mobile Terminals," IEEE Access, Vol. 9, pp: 109042— 
109052, Aug 2021 [3].) 


(c) (d) 


33.185 GHz, with a gain of approximately 8 dBi. Furthermore, a stacked 
dielectric resonator antenna is proposed for Ka-band satellite communica- 
tion for unmanned aerial vehicles (UAV) in [13]. In this work, a dual-band 
dielectric resonator antenna (DRA), with a single feed and two orthogonal 
circular polarizations (CPs) in K- and Ka-bands, is demonstrated for satel- 
lite communications used in UAV control. The antenna exhibits RHCP in 
the lower band of operation, and LHCP in the upper band of operation, 
with high isolation, making it suitable for UAV satellite systems. 


6.4.4 Application of stacked microstrip 
antennas in remote sensing 


Remote sensing is an emerging application these days, where hidden objects 
can be detected through non-destructive methods. For remote sensing 
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Figure 6.4 3D layout of the dual port stacked MIMO antenna and its fabricated proto- 
type. (Source: Shahanawaz Amal, and Padmanavasen, "Microstrip-Ministered 
Proximity-Coupled Stacked Dual-Port Antenna for 6G Applications," IEEE 
Access, pp: 2817-2829, Vol. 12, Jan 2024 [4].) 


(b) 


Figure 6.5 (a) 3D radiation pattern of proposed stacked MIMO antenna (quasi-omnidi- 
rectional), analysis of (b) SAR and (c) radiation pattern with human hand at 
12 GHz. (Source: Shahanawaz Amal and Padmanavasen, “Microstrip-Ministered 
Proximity-Coupled Stacked Dual-Port Antenna for 6G Applications,” IEEE 
Access, pp: 2817—2829,Vol. 12, Jan 2024 [4].) 
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applications, wide bandwidth is an essential requirement for the improved 
processing of echo signals in the time-domain, along with high gain and 
directivity for improved wave penetration in different mediums. The stacked 
antennas can be used in such applications, where volume is not a constraint. 
A probe-fed dual-band antenna design is demonstrated in [14], operating in 
Ka- and Ku-bands. The two antennas are integrated vertically in the same 
design, with one being an aperture-coupled stacked antenna and the other 
being a printed dipole antenna. An array using this dual-band antenna is 
used to scan the antenna beam in different directions with a range from 
-45° to 445? with a step of 15°. To achieve this, an array element of four 
aperture-coupled stacked antennas with the dipole antenna arranged at 
their centre is used to make an array of 208 elements. The array and single 
antenna elements along with the radiation patterns of the proposed antenna 
are shown in Figure 6.6. This antenna array can find applications in remote 
sensing, radar detection, and other communication applications too. 

Along with applications in radar detection, these stacked antennas can 
be used as transceivers in the microwave imaging set-up. Microwave imag- 
ing of unknown targets can be carried out by processing the echo signal 
received from the target placed in the area under scanning. Stacked anten- 
nas, especially printed stacked antennas, are a good candidate for such 
usage. The stacked antenna application in microwave imaging will be dis- 
cussed in detail in Chapter 7. Biomedical imaging is also an emerging field 
where such antennas are quite useful owing to their printed and compact 
geometry. A cavity-backed aperture-coupled stacked antenna is deployed in 
a microwave imaging set-up for breast-cancer detection [15]. 


6.4.5 Application of stacked microstrip 
antennas in RF energy harvesting 


RF energy harvesting is a new research area these days due to the huge 
usage of RF energy every day. This presence of RF energy is further going 
to increase with more and more IoT systems coming into place. Therefore, 
utilizing the available RF energy by extracting it in between the nodes and 
storing it for further applications can be quite useful. Stacked antennas can 
be used in the transmitter and receiver nodes of IoT systems to improve the 
transmitted signal strength and data rates owing to their better bandwidth 
and gain properties [16-18]. 


6.4.6 Application of stacked microstrip 
antennas in wearable electronics 


With the advent of advancements in RF technology, research on smart wear- 
able electronics has seen an exponential rise. These wearable sensors are 
comprised of transceiver unit and data extraction and data processing units 
too to sense the actual input and respond accordingly. The wearable sensors 
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should be made as compact and light-weight as possible and planar too to be 
easily printed on the flexible substrate/textile. The printed stacked antennas 
are again a good fit for this particular application owing to their compact 
printed geometry, and also good bandwidth and gain response. In [19-22] 
some of the stacked antennas used in wearable electronics are described. 
In [21] a triple-mode circular stacked patch antenna design is proposed 
which can provide pattern diversity when excited by three different ports. 
A simple via-loaded circular patch is printed on the lower substrate and the 
air-separated upper substrate contains a modified E-shaped upper patch, 
on both sides of the upper substrate. The E-shaped patch is also circular 
in design. The upper substrate in this case has different modified E-shaped 
patches printed on both of its sides, such that both E-slots are orthogonal to 
each other. The lower circular patch is fed at the centre via a coaxial probe 
feed, while the upper patches are fed via two orthogonal probes along the 
x- and y-axes to obtain orthogonal dual-polarization of the antenna. Thus, 
the antenna exhibits vertical polarization due to the lower patch, and dual 
horizontal polarization due to the upper patch. This stacked antenna is then 
tested for on- and off-body communications and is proven to be useful for 
both these applications. The antenna performance remains almost stable 
when tested in the presence of the human body. In [22] a printed modified 
stacked yagi antenna design is proposed which achieves a high gain of about 
11 dBi with a bandwidth of 1896 in mm-wave frequency band and unidirec- 
tional radiation patterns across the operating band. The antenna performs 
well for off-body communication of wearable devices. 


6.5 DIRECTION FINDING AND LOCALIZATION 
WITH STACKED MICROSTRIP ANTENNAS 


Stacked antenna advantages and potential applications are discussed in pre- 
vious sections in this chapter. Their utility for several advanced applications 
has been highlighted. One of the important applications of stacked anten- 
nas is remote sensing where higher antenna gain is an essential requirement 
to combat through-the-wall or through-the-medium losses in the case of 
a hidden target. Target localization is achieved through the scanning of 
areas under observation from different angles. Received signals from differ- 
ent angles contain information about the target's presence. The processing 
of the received signal provides the target's location. To achieve this, the 
transmitter antenna should have a higher gain to penetrate the dielectric 
medium in the case of a hidden target, while increasing the detection range 
in the case of both open and hidden targets. Further, wide bandwidth is an 
essential parameter as the time-domain pulse becomes narrower and the 
extraction of the echo signal is improved. This increases the accuracy of 
target detection and localization. 

The above discussion makes the requirement of transmitter and receiver 
antennas clear for target detection and localization: they should have 
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higher gain and wider bandwidth as an essential requirement. The stacked 
antennas with both these features are a suitable candidate for this par- 
ticular application as proposed in [23-25]. Along with these properties, a 
unidirectional radiation pattern is an added advantage in the case of target 
detection, as the entire energy can be focused in the direction of the target 
only and the system can reject the backside noise too. The printed stacked 
antennas have unidirectional radiation patterns owing to the planar ground 
plane and they also find ease of integration with other circuits of the sys- 
tem, making them quite suitable for target detection and localization. 

For target finding/tracking, the region under test needs to be scanned. 
This can be done either by moving the transmitter and receiver unit or by 
using the beamforming technique. Through the beamforming technique, 
the region under test can be scanned by changing the direction of the radi- 
ated beam of the transmitter antenna and coherently aligning the radiation 
pattern of the receiver. This beamforming can be achieved in the case of 
advanced antenna arrays [26], with the capability of altering the phase rela- 
tionship between consequent antenna array elements and thus changing the 
direction of antenna array radiation. 


6.6 FUTURE OUTLOOK FOR STACKED MICROSTRIP 
ANTENNAS IN 5G/6G COMMUNICATION 


As discussed in Section 6.4, there are numerous potential applications of 
stacked microstrip antennas as they are compact antennas with improved 
bandwidth and gain, compared to single-layer antennas. Printed stacked 
antennas combine the benefits of stacking configuration with those of printed 
antennas which are compact and planar in geometry. The future applica- 
tions are many for these antennas due to several advantages, apart from the 
increase in volume due to stacking, compared to one-layer printed antennas. 
Future wireless communication operation in 5G/6G bands requires compact 
and wide bandwidth antennas to be used in mobile handsets or other com- 
pact devices, where high data rates are an essential requirement. The stacked 
antennas for future 5G/6G communication are reported in [27-31]. 

In [29], a different type of stacked antenna design is proposed, where two 
different driven patches are designed, operating at different frequencies, i.e. 
X- and Ku-band. The antenna structure consists of one Ku-band patch at 
the centre and two X-band patches on either side of it at the driven layer. The 
superstrate consists of parasitic patches shared by all three driven patches. 
This dual-band stacked antenna, when excited with different ports, pro- 
vides different polarizations. This stacked antenna is then used to make an 
array, useful for MIMO applications. In [32], a stack-up antenna-in-package 
design is proposed, with multiple metallic and dielectric layers and a patch 
loaded on the upper-most layer. The patch is capacitively fed through two 
orthogonal T-shaped feed lines to achieve circular polarization. Defected 
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ground structures are introduced beneath the patch, across the two sides of 
the patch placed symmetrically about it, to improve port-to-port isolation 
between two ports. The antenna has a wide bandwidth of 26.5-29.5 GHz 
in the mm-wave frequency band. An array of 4 x 4 elements is made using 
the designed antenna element to be used in MIMO applications, with high 
gain of 17.37 dBi in array configuration. The antenna array is capable of 
beam steering as well. The proposed antenna-in-package layout of a single 
element is shown in Figure 6.7, while its array layout is depicted in Figure 
6.8. The S-parameter response for both ports is shown in Figure 6.9. 
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Figure 6.7 3D layout of the dual polarized mm-wave antenna-in-package and its top 
view with dimensions. (Source: Woojin Kim, Jihoon Bang, and Jaehoon Choi, 
"A Cost-Effective Antenna-in-Package Design With a 4 4Dual-Polarized High 
Isolation Patch Array for 5G mm-Wave Applications", IEEE Access, Vol. 9, pp: 
163882-163892, 2021 [32].) 
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Figure 6.8 Layout of 4 x 4 array of the proposed dual polarized mm-wave antenna-in- 
package. (Source: Woojin Kim, Jihoon Bang, and Jaehoon Choi, "A Cost- 
Effective Antenna-in-Package Design with a 4 4Dual-Polarized High Isolation 
Patch Array for 5G mm-Wave Applications", IEEE Access, Vol. 9, pp: 163882- 
163892, 2021 [32]) 


6.7 APPLICATION OF STACKED ANTENNAS 
IN MICROWAVE/MM-WAVE IMAGING 


Microwave/mm-wave imaging is a tool for non-destructive sensing of the area 
under interrogation and is helpful for hidden target detection as well as imag- 
ing. Àn image of the unknown target is obtained by processing the signal 
received from the target in the form of scattered/reflected/diffracted waves. 
When the transmitted electromagnetic waves hit the target, they are either 
reflected or scattered or sometimes diffracted by the target edges. These edges 
are the target boundaries and when the signal scattered from these angles 
is processed from different angles, information about its geometry can be 
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Figure 6.9 S-parameters of proposed dual-polarized mm-wave antenna-in-package. 
(Source: Woojin Kim, Jihoon Bang, and Jaehoon Choi, “A Cost-Effective 
Antenna-in-Package Design with a 4 4Dual-Polarized High Isolation Patch 
Array for 5G mm-Wave Applications", IEEE Access, Vol. 9, pp: 163882- 
163892, 2021 [32].) 


extracted. When the transmitted signal has a frequency in microwave/mm- 
wave bands, the imaging technique is called microwave/mm-wave imaging. 
The advantage of these frequency bands is that the signal’s penetration depth 
in the dielectric medium is better due to the larger wavelength compared 
to high-frequency signals. Also, these microwave/mm-wave signals are more 
robust towards the weather conditions. Further, another major advantage is 
these waves are non-ionizing and thus safe for human body sensing. 

The major requirement of the imaging system is a transceiver unit that 
will illuminate the target and then process the received signal. An impor- 
tant component of a transceiver unit is the transmitter/receiver antenna. 
The important antenna properties needed for imaging are similar to target 
detection, i.e. wide bandwidth and high gain. In the case of imaging, the 
wider the bandwidth of the illuminating signal, the finer the pixel of the 
reconstructed target image. To meet these requirements, stacked antennas 
are a good choice. A stacked microstrip antenna used as a transceiver unit 
in the imaging system is proposed in [25]. This reported work presents 
how the printed microstrip stacked antennas can fulfil the requirements 
of microwave imaging systems, along with an added advantage of being 
miniaturized. These transceivers are quite compact and have planar geom- 
etry too. By integrating these antennas with the other circuit elements of 
the microwave imaging system, the whole set-up can be employed as an 
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Figure 6.10 (a) Cavity-backed aperture-coupled stacked antenna fabricated prototype, and 
its deployment for breast-cancer scanning (b) side view, (c) top view. (Source: 
Mehdi Mehranpour, Saughar Jarchi, Asghar Keshtkari, Ayaz Ghorbani,Ali Araghi, 
Okan Yurduseven, and Mohsen Khalily, "Robust Breast Cancer Imaging Based 
on a Hybrid Artifact Suppression Method for Early-Stage Tumor Detection", 
IEEE Access, Vol. 8, pp: 206790—206805, 2020 [33].) 


inconspicuous system for target identification in the case of suspicious hid- 
den targets. Similarly, these antennas can find application in high resolu- 
tion millimetre-wave imaging. Further, they are used in biomedical imaging 
owing to the non-ionizing nature of the waves in microwave and mm-wave 
bands [33, 34]. The details of stacked antennas' application in microwave 
imaging systems are discussed in Chapter 7. The cavity-backed aperture- 
coupled stacked antennas and their deployment in microwave imaging set- 
up for breast-cancer detection is shown in Figure 6.10. The obtained images 
are shown in Figure 6.11. 


6.8 SUMMARY 


This chapter provides a thorough discussion of the advantages and limi- 
tations of stacked microstrip antennas. Owing to their structural and 
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Figure 6.11 Microwave imaging results of the proposed imaging set-up deploying cav- 
ity backed aperture-coupled stacked antenna. (Source: Mehdi Mehranpour, 
Saughar Jarchi, Asghar Keshtkari, Ayaz Ghorbani, Ali Araghi, Okan 
Yurduseven, and Mohsen Khalily, “Robust Breast Cancer Imaging Based on a 
Hybrid Artifact Suppression Method for Early-Stage Tumor Detection", IEEE 
Access, Vol. 8, pp: 206790—206805, 2020 [33].) 
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operational advantages, these compact antennas are used in a variety of 
applications. In this chapter, most of the recent and advanced applica- 
tions of such planar, low-profile, and broadband antennas are covered 
in detail. The chapter further delved into the potential application of 
these miniaturized broadband stacked microstrip antennas in microwave 
imaging systems, direction finding and localization, and future 5G/6G 
applications. 


REFERENCES 


10. 


. Philip Ayiku Dzagbletey, and Young-Bae Jung, *An omnidirectional mul- 


tilayer metasurface antenna for 2G, 3G, 4G and 5G applications", IEEE 
Antennas Wirle. Propag. Lett., Vol. 17, No. 5, pp:780-783, May 2018. 


. Jaebaek Jung, Woojun Lee, Gyuha Lee, Songcheol Hong, and Jungsuek Oh, 


*Ultra-thinned metasurface-embedded smartphone antenna-in-package for 
millimeter-wave 5G/6G coverage enhancement", IEEE Trans. Antennas 
Propag., Vol. 71, No. 10, pp:7766—7781, October 2023. 


. Yugi He, Sihan Lv, Luyu Zhao, Guan-Long Huang, Xiaoming Chen, and 


Wei Lin, *A compact dual-band and dual-polarized millimeter-wave beam 
scanning antenna array for 5G mobile terminals," IEEE Access, Vol. 9, 
pp:109042-109052, August 2021. 


. Shahanawaz Amal, and Padmanava Sen, *Microstrip-ministered proximity- 


coupled stacked dual-port antenna for 6G applications," IEEE Access, Vol. 
12, pp:2817-2829, January 2024. 


. Tuan Dao, Andrew Kearns, David Reyes Paredes, and Gernot Huebe, 


*Wideband high-gain stacked patch antenna array on standard PCB for 
D-band 6G communications," IEEE Antennas Wirel. Propag. Lett., Vol. 23, 
No. 2, pp:478—48, February 2024. 


. Amir Reza Dastkhosh, Mehdi Naseh, and Fujiang Lin, *K/Ka Slotted Stacked 


Patch Antenna and Active Array Antenna Design for a 5G/6G Satellite 
Mobile Communication System", IEEE 2021 13th Global Symposium on 
Millimeter-Waves & Terahertz (GSMM), May 2021. 


. Md Hedayatullah Maktoomi, Zisong Wang, Huan Wang, Soheil Saadat, et 


al., *Sub-terahertz wideband stacked-patch antenna on a flexible printed cir- 
cuit for 6G applications" IEEE Trans. Antennas Propag., Vol. 70, No. 11, 
pp:10047-10061, November 2022. 


. Md Amanath Ullah, Rasool Keshavarz, Mehran Abolhasan, Justin Lipman, 


and Negin Shariati, *Multiservice compact pixelated stacked antenna with 
different pixel shapes for IoT applications", IEEE Internet Things J., Vol. 10, 
No. 22, pp:19883-19897, 15 November 2023. 


. Sema Dumanli, “A Wrist Wearable Dual Port Dual Band Stacked Patch 


Antenna for Wireless Information and Power Transmission”, 2016 10th 
European Conference on Antennas and Propagation (EuCAP), April 2016. 
Sundeep Kumar, Manoj Kumar, and Ashwani Sharma, “A compact stacked 
multisector near-isotropic coverage rectenna array system for IoT applica- 
tions", IEEE Micro. Wirel. Tech. Lett., Vol. 34, No. 1, pp:123-126, January 
2024. 


Advantages and applications of stacked microstrip antennas 155 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22, 


23. 


Mohammad Ali, T. M. Sayem, and Vijay K. Kunda, “A reconfigurable stacked 
microstrip patch antenna for satellite and terrestrial links”, IEEE Trans. 
Vehicular Tech., Vol. 56, No. 2, pp:426—435, 2007. 

Marco Simone, Matteo Bruno Lodi, Santi Concetto Pavone, Nicola Curreli, 
Giuseppe Mazzarella, and Alessandro Fanti, *Optimized design and mul- 
tiphysics analysis of a Ka-band stacked antenna for CubeSat applications", 
IEEE J. Multiscale Multiphysics Comput. Tech., Vol. 6, pp:143-157, 2021. 
Hao Xu, Zhijiao Chen, Haiwen Liu, Le Chang, Taotao Huang, Sheng Ye, 
Lina Zhang, and Chao Du, “Single-fed dual-circularly polarized stacked 
dielectric resonator antenna for K/Ka-band UAV satellite communications”, 
IEEE Trans. Vehicular Tech., Vol. 71, No. 4, pp:4449-4453, April 2022. 
Shengying Liu, Kaibo Jiang, Guobing Xu, Xumin Ding, Kuang Zhang, 
Jiahui Fu, and Qun Wu, “A dual-band shared aperture antenna array in Ku/ 
Ka-bands for beam scanning applications", IEEE Access, Vol. 7, pp:78794- 
78802, June 2019. 

Mehdi Mehranpour, Ayaz Ghorbani, Saughar Jarchi, Asghar Keshtkar, Ali 
Araghi, Okan Yurduseven, and Mohsen Khalily, *Robust breast cancer 
imaging based on a hybrid artifact suppression method for early-stage tumor 
detection", IEEE Access, Vol. 8, pp:206790-206805, 2020. 

Hichem Mahfoudi, Hakim Takhedmit, and Mohamed Tellache, “Dual- 
Band Dual-Polarized Stacked Rectenna for RF Energy Harvesting at 1.85 
and 2.45 GHz”, 12th European Conference on Antennas and Propagation 
(EuCAP 2018), April 2018. 

Shanpu Shen, Chi-Yuk Chiu, and Ross D. Murch, *A dual-port triple-band 
L-probe microstrip patch rectenna for ambient RF energy harvesting", IEEE 
Antennas Wirel. Propag. Lett., Vol. 16, pp:3071-3074, 2017. 

Hina Yadav, Sheetal Yadav, K. P. Ray, and Mridula Gupta, “Stacked 
Microstrip Antennas on Thin Dielectric Substrate for Power Harvesting 
Applications”, 2019 IEEE Asia-Pacific Microwave Conference (APMC), 
pp:282-284, December 2019. 

Simone Genovesi, Filippo Costa, Filippo Fanciulli, and Agostino Monorchio, 
*Wearable inkjet-printed wideband antenna by using miniaturized AMC 
for sub-GHz applications", IEEE Antennas Wirel. Propag. Lett., Vol. 15, 
pp:1927-1930, 2016. 

Rui Xu, and Zhongxiang Shen, *Wearable ungrounded tag antenna for UHF 
RFID applications", Commun. IEEE Trans. Antennas Propag., Vol. 71, No. 
4, pp:3665-3670, April 2023. 

Ke Zhang Wei Hong, Zhi Hao Jiang, and Douglas H. Werne, *A low-profile 
and wideband triple-mode antenna for wireless body area network concur- 
rent on-/off-body communications", IEEE Trans. Antennas Propag., Vol. 68, 
No. 3, pp:1982-1994, March 2020. 

Qixin Ren, Xiaoqing Zhu, Xiongying Liu, and Hongcai Yang, *Millimeter 
Wave Wearable Modified Yagi Antenna", 2020 IEEE MTT-S International 
Wireless Symposium (IWS), 2020. 

Amran Hossain, Mohammad Tariqul Islam, Gan Kok Beng, Saad Bin Abul 
Kashem, Mohamed S. Soliman, Norbahiah Misran, and Muhammad E. H. 
Chowdhury, *Microwave brain imaging system to detect brain tumor using 
metamaterial loaded stacked antenna array", Sci. Rep. Nat., Vol. 12, p:16478, 
2022. 


156 


Stacked Antennas 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


Ankita Malhotra, and Ananjan Basu, *Broadband frequency reconfigurable 
printed transceivers for microwave imaging systems", Int. J. Microw. Wire. 
Technol., Vol. 15, No. 7, pp:1130-1138, September 2023. 

Ankita A Malhotra, and Ananjan Basu, *Miniaturised Distributed 
Transceivers for Far-Field Microwave Imaging”, 2018 IEEE MTT-S 
International Microwave and RF Conference (IMaRC), pp:1-4, 2018. 

F. William, Waleed Khalil, and John L. Volakis, *60- GHz two-dimensionally 
scanning array employing wideband planar switched beam network", IEEE 
Antennas Wirel. Propag. Lett., Vol. 9, pp:818-821, 2010. 

Yue Gao, Runbo Ma, Yapeng Wang, Qianyun Zhang, and Clive Parini, 
*Stacked Patch Antenna With Dual-Polarization and Low Mutual Coupling 
for Massive MIMO”, IEEE Trans. Antennas Propag., Vol. 64, No. 10, 
pp:4544-4549, Oct. 2016. 

Han Zhou, Ronghong Jin, Junping Geng, Xianling Liang, Weiren Zhu, and 
Chong He, *Design of S/Ka Dual-Band Sbared-Aperture Massive MIMO 
Antenna Array for SG Communication”, 13th European Conference on 
Antennas and Propagation (EuCAP 2019), 2019. 

Lingyu Kong, and Xiaojian Xu, *A compact dual-band dual-polarized 
microstrip antenna array for MIMO-SAR applications", IEEE Trans. 
Antennas Propag., Vol. 66, No. 5, pp:2374-2381, May 2018. 

Tian-Yu Yan, Xin-Hao Ding, Jun-Yao Yang, and Jian-Xin Chen, *A low-cost 
compact dual-polarized patch antenna array for 5G massive MIMO base sta- 
tion", IEEE Antennas Wirel. Propag. Lett., Vol. 23, No. 4, pp:1381-1385, 
April 2024. 

Abel Zandamela, Nicola Marchetti, and Adam Narbudowicz, “Stacked-Patch 
MIMO Antenna for Dual-Plane Beamsteering”, 2021 IEEE International 
Symposium on Antennas and Propagation and USNC-URSI Radio Science 
Meeting (APS/URSI), December 2021. 

Woojin Kim, Jihoon Bang, and Jaehoon Choi, *A cost-effective antenna-in- 
package design with a 4 4Dual-polarized high isolation patch array for 5G 
mm-wave applications", IEEE Access, Vol. 9, pp:163882-163892, 2021. 
Mehdi Mehranpour, Saughar Jarchi, Asghar Keshtkari, Ayaz Ghorbani, 
Ali Araghi, Okan Yurduseven, and Mohsen Khalily, *Robust breast cancer 
imaging based on a hybrid artifact suppression method for early-stage tumor 
detection", IEEE Access, Vol. 8, pp:206790-206805, 2020. 

Md. Rokunuzzaman, Md. Samsuzzaman, and Mohammad Tariqul Islam, 
*Unidirectional wideband 3-D antenna for human head-imaging applica- 
tion,” IEEE Antennas Wirel. Propag. Lett., Vol. 16, pp:169—172, 20171. 


Chapter 7 


Stacked microstrip antennas 
for microwave imaging 


7.1 INTRODUCTION TO MICROWAVE IMAGING 


Microwave imaging is an advanced sensing technique that involves using 
microwave signals to analyze a given scene and detect targets or objects 
within it. This non-destructive method utilizes electromagnetic signals in 
the microwave band to interact with the objects in the scene. When electro- 
magnetic waves, particularly microwaves, encounter changes in the medium 
through which they propagate, they scatter. The nature of this scattering 
depends on the properties of the objects being examined. Due to variations 
in geometry and material composition, different targets interact uniquely 
with microwaves, resulting in complex scattered signals that contain valu- 
able target-related information. This information can be extracted using 
specialized algorithms. Unlike optical or infrared methods, microwave 
imaging offers the unique capability to penetrate materials like paper, cloth, 
and wood, while effectively capturing images of metallic and other objects 
that strongly scatter microwave signals. As a result, microwave imaging 
has significant applications in security and surveillance, particularly for the 
detection of concealed weapons. 

The basic block diagram of the microwave imaging system is shown in 
Figure 7.1 [1]. The signal generator generates a microwave signal which is 
then given to the transmitter. The transmitter antenna illuminates the target 
with the incident wave, which is present in the investigation domain. The 
incident wave, illuminating the target, interacts with it and is scattered due 
to the medium change which it encounters in the path of its propagation. 
The basis of microwave imaging is surface and volume scattering by dielec- 
tric and conducting materials [2]. In case of metallic targets, surface cur- 
rents are introduced on the target due to illumination from incident fields. 
These currents in turn generate electric fields normal to their surface which 
creates scattered fields. These scattered fields from any metallic target are 
much stronger than fields scattered by the dielectrics. Microwave imaging 
techniques can be classified as qualitative or quantitative. Qualitative imag- 
ing considers only scattering/reflection from the target to reconstruct its 
shape. In the case of the qualitative approach for microwave imaging, the 
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Figure 7.1 Block diagram of microwave imaging system. Reproduced with permission 
from IEEE [I]. 
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problem is linear and therefore simpler in approach. Quantitative imaging 
on the other hand considers diffraction and scattering/reflection from the 
target and further maps it to the electrical and magnetic property distribu- 
tion of the unknown target, along with obtaining its geometrical informa- 
tion. In the case of the quantitative approach, the problem is more ill-posed 
due to its non-linear nature, and therefore complex inversion algorithms are 
used to process the image from raw data. 

Microwave imaging can map the dielectric contrast of the targets in the 
investigation domain; therefore it has been used in many biomedical appli- 
cations [3-5]. Because of the penetration capability of microwaves, micro- 
wave imaging is used in hidden target detection and through-wall imaging, 
thus finding applications for security purposes. Hidden target detection 
even beneath the three-layer body model is possible and verified using triple 
sensors used in the microwave imaging set-up [6] and also the application 
of microwave imaging in the detection of concealed objects is being studied 
[7]. Near-field imaging is presented in [8], where a metallic strip loaded sub- 
wavelength aperture with dual-polarization is used to detect targets in free- 
space and in lossy media. The scattering phenomenon of microwaves allows 
the extraction of target geometry information, as the scattering property of 
a target depends on its structure. Image reconstruction of large metallic tar- 
gets in an anechoic chamber is presented in [9] using a standard broadband 
horn antenna by applying the factorization method. Polarization diversity 
is exploited in [10] to enhance the efficiency of target classification accord- 
ing to the received back-scattered signals. A compressive-sensing technique 
can be applied to the case of non-weak targets to reconstruct the target 
shape [11]; also a holographic imaging approach using a phase-less radia- 
tion pattern of antenna can be applied to improve the image quality [12]. 
Furthermore, the imaging of a microwave absorber sample is possible using 
microwaves and is carried out in [13], where complex permittivity of the 
sample is utilized to obtain the image. This utilizes the fact that micro- 
waves can map the dielectric losses too. Moreover, using a broadband horn 
antenna, microwave imaging of both the dielectric and conducting materi- 
als can be obtained [14]. 
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7.2 CLASSIFICATION OF MICROWAVE IMAGING SYSTEMS 


Microwave imaging systems can be classified into two categories: near-field 
imaging systems and far-field imaging systems, depending on the distance 
of the target from the measurement system. If a target is placed in the near- 
field of the transceiver unit, then the system is called a near-field imaging 
system, while if a target is kept in the far-field of the transceiver unit, the 
system is termed a far-field imaging system. In this chapter the focus will be 
on far-field microwave imaging only. 


7.3 MICROWAVE IMAGING SYSTEM REQUIREMENTS 


In imaging, the transmitter/receiver system plays an important role. It is 
responsible for acquiring information about the target through scattered 
microwaves. The transmitter sends microwave signals to illuminate the tar- 
get, which are then scattered and received by the receiver. The received 
signal is then processed to obtain the target’s image or signature. The trans- 
mitter and receiver’s properties determine the quality of the image that can 
be achieved. The important properties of the transmitters and receivers, 
required for satisfactory imaging, are listed as follows: 


1- Radiation pattern: For better target illumination the transmitter and 
receiver should have a directive radiation pattern with a high front- 
to-back ratio. This avoids illumination of any unwanted target at the 
back side of the transmitter/receiver system. A directive radiation pat- 
tern also avoids illumination of unwanted targets in the cross-range of 
the investigation domain. 

2- Bandwidth: Wide bandwidth provides more spectral information on 
the target and ensures better spatial resolution. 


Considering these properties, transmitter/receiver antenna selection has to 
be done. For these reasons, stacked microstrip antennas can be considered 
and implemented as transmitter and receiver in the imaging system, as they 
fulfil both above-mentioned criteria. 


7.4 ADVANTAGES OF STACKED ANTENNAS AS TRAN- 
SCEIVER UNITS IN MICROWAVE IMAGING SYSTEMS 


As previously mentioned, the transmitter and receiver antennas are critical 
components of the imaging system, as they determine the appropriate target 
illumination and the reception of scattered waves. Additionally, they influ- 
ence the system’s overall complexity, as the rest of the circuitry is typically 
common in most microwave imaging systems. As detailed in earlier sections, 
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stacked microstrip antennas offer a broad frequency response and, due to 
their uninterrupted ground plane, exhibit a unidirectional radiation pattern. 
This characteristic significantly reduces backside clutter in the received sig- 
nal or simply removes it altogether. These qualities make stacked antennas 
well-suited for use as the transceiver unit in a microwave imaging system. 
Furthermore, employing stacked microstrip patch antennas as the trans- 
ceiver unit enables the imaging system to be compact, cost-effective, and 
easily integrated with the system circuitry. In practical applications, these 
antennas can be conveniently mounted on a common planar ground plane, 
facilitating the implementation of the scanning system. This is a better choice 
as compared to the scanning systems used in [15-18], where the scanning 
system is arranged around the target to achieve three-dimensional imaging. 
Such systems are more complex, bulkier, and of a fixed type, thus lacking 
the flexibility and ease of implementation provided by the stacked antennas. 
Besides stacked microstrip patch antennas, UWB patch antennas can also 
be used as transceivers in the imaging system [19, 20], as they provide wide 
bandwidth along with reducing the system's volume and cost. However, 
UWB antennas are generally designed by altering the antenna's ground 
plane to achieve broadband response. This defect in the ground plane 
causes the radiation pattern to be bi-directional. The bi-directional radia- 
tion pattern of an antenna can introduce noise in the received signal due 
to back-side clutter. Therefore, such systems must be placed in an anechoic 
chamber, thus reducing the practical applicability of the imaging system. 


7.5 MICROWAVE IMAGING MEASUREMENT SET-UP 


The upcoming discussion will focus on qualitative microwave imaging. The 
synthetic aperture focusing technique has been employed to scan the area 
of interest containing the target. Subsequently, the processing is carried out 
using the SAR algorithm with an emphasis on target detection and shape 
reconstruction. In the measurement set-up, transceiver units are positioned 
in front of the target domain for interrogation. A dedicated source and data 
acquisition unit is essential for data collection and processing in the imag- 
ing set-up. If necessary, a vector network analyzer can serve as both the 
source and the data collection unit. If utilizing a vector network analyzer, 
it must be calibrated for the operating range of the transceiver antennas to 
eliminate cable loss and system errors. The measurement set-up for micro- 
wave imaging systems can be mainly of two types: 


1) 3D scanning measurement set-up 
ii) 2D scanning measurement set-up 


A 3D scanning set-up is presented in [15, 16], where transceiver units are 
arranged three-dimensionally, around the target under observation. The 
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Figure 7.2 Scanning set-ups for microwave imaging, a) 3-D scanning measurement set-up, 
b) 2-D scanning measurement set-up. 
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Figure 7.3 Different possible 2D scanning set-up scenarios, a) 2-D rectilinear scanning, 
b) 2-D scanningalong 2 axes, c) Randomly distributed sensors for 2-D scanning. 


block diagram of the set-up is depicted in Figure 7.2(a). A 2D scanning set-up 
has transceivers arranged only at one side of the target, arranged two-dimen- 
sionally in the plane parallel to the plane of the target shown in Figure 7.2(b). 
Further, different types of 2D scanning set-ups are shown in Figure 7.3. 
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Scanning is done two-dimensionally to ensure proper illumination of the 
target from all the view angles in a plane. A bistatic system is employed with 
one transmitter and one receiver acting as a trans-receiver unit. There are 
interesting possibilities for developing improved systems using a multi-static 
approach as presented in [21], where antenna arrays are used as transceiv- 
ers, but these have not been considered here as the aim is to develop a com- 
pact and inconspicuous imaging system. Further, a multi-static system will 
also require phase locking of physically separated sensors, which is difficult 
to implement. Microwave imaging with distributed transmitters is presented 
in [22]. 


7.6 SAR ALGORITHM FOR 2D SCANNING 


The target is scanned two-dimensionally using a synthetic focusing tech- 
nique to capture its 2D image. This technique is commonly used in radar 
systems for illuminating ground targets by moving aircraft. In this method, 
the transceiver unit in the aircraft illuminates the target from different posi- 
tions and captures signals from the targets while passing them. 

The electric field produced by the source illuminates the cross-section of 
the target. This incident electric field induces electric current on the surface 
of the target, which in turn creates a scattered electric field. The interac- 
tion of this field with the target’s cross-section is responsible for the scat- 
tered field, which contains the information about the target. The evaluation 
of scattered fields yields information about the target’s properties, like its 
geometry, material property, location, etc. Let E,,.(r) be the incident elec- 
tric field. The total electric field is given by 


Er) = Fic (r) E Er) (7.1) 


There are numerous techniques available for evaluating Eur) ,in a given 
scenario as discussed in [2]. The scattered field is received by the receiver 
placed at the other end of the target. If a dedicated source and data acquisi- 
tion system are not available, the vector network analyzer (VNA) can be 
connected to the transmitter and receiver at both ports. The S-parameters 
of the received signal can be extracted from the VNA. In this case, the sig- 
nal sent out from port 1 is proportional to Ej, while the signal received at 
port 2 is proportional to Esa, partially corrupted by signal leaking directly 
from port 1 to port 2. $21 parameters for different locations of the trans- 
ceiver unit are captured and collected, which will be then processed through 
MATLAB®. The received frequency-domain S21 signal is first converted to 
its time-domain form using IFFT given by Equation (7.2). 


S(t) = + f S(f)se/*'do (7.2) 
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Sot) = 5) - 50) (7.3) 


To mitigate the influence of stationary objects in the vicinity, such as fixed 
surroundings or support systems for heavy targets, it is essential to obtain 
and subtract the time-domain signal in the absence of the target from the 
signal received when the target is present in the scene. Thus according to 
Equation (7.3), S, (t) is the signal without the effect of a support system 
and other stationary objects in the nearby environment, where S (t) is the 
received signal in the absence of the target (time-domain signal), from the 
nearby objects that are not of interest, and also from the target's support 
system. 

The signal-to-noise ratio of signal S,(t) can be further improved by 
applying an averaging filter to it. This results in signal smoothening, which 
leads to a further reduction of noise in the signal. The filter used here is 
Savitzky-Golay filter, which works on least-squares polynomial fitting on 
a small number of data points at a time. It considers a set of data points, 
called filter length, where an analytical solution to the least-squares equa- 
tion can be found, in the form of a single set of convolution coefficients at 
the centre point of each set [23]. For filter length 2k + 1, where the filter 
length varies from —& to k with origin at centre, the smoothed data point is 
given by Equation (7.4): 


k 
> Aj * S4. 


A; represents the coefficients of the polynomial. The value of the polynomial 
is evaluated at centre as discussed before. Here $, represents the dataset 


of the original signal while (S, ) represents the dataset of the smoothened 
(averaged) signal. According to the chosen filter length, the signal under- 
goes a corresponding level of smoothening/averaging. For the targets, 
which require high resolution in their geometry, a smaller filter length is 
better so as not to lose any information embedded in the signal. For large 
targets or targets with a geometry requiring minimum resolution, a larger 
filter length is a better choice to remove the noise from the signal, thus 
improving its signal-to-noise ratio. The filter order represents the polyno- 
mial order which has to be chosen properly. Here a third-order filter is cho- 
sen, as according to [24] the third order is the most suitable for small filter 
lengths. The filtered signal then undergoes time-windowing to remove any 
undesired data from the signal, given by Equation (7.5). This is also called 
the time-gating phenomenon, where the signal is captured for a dedicated 
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time duration only and the rest of the signal is rejected. This process rejects 
the direct signal coming directly from the transmitter and also the signal 
due to neighbouring objects (if the experiments are carried out in a real-life 
environment). 


12 
OI f Sdr (7.5) 
1d 


The signal S; (t) now represents only the signal due to the target, reject- 
ing all the other data in the signal. The absolute value of the time-domain 
signal is considered. The range of t;-t) represents the duration of the echo 
signal from the target; thus the values of t,and t, always lie in the range 
of the rise and fall time of the echo signal only. These values may need to 
be slightly varied/optimized to capture only the desired signal. The data 
processing done on the received scattered waves is shown in Figure 7.4. The 
Figure 7.4(a) shows the received signal in the frequency domain, i.e. S21 
in this case of a bistatic system. However, the received signal in the time- 
domain is depicted in Figure 7.4(b). The absolute value of the time domain 
signal is given in Figure 7.4 c), while Figure 7.4(d) shows the smoothened/ 
averaged signal obtained after applying the Savitzky-Golay filter along 
with time-gating. 


7.6.1 Image reconstruction 


The process of forming the target image involves using a simplified syn- 
thetic aperture radar (SAR) approach. The region under investigation is 
depicted by a two-dimensional matrix M(qxq) that contains the target, 
with “q” representing the length of the matrix. The fundamental principle 
behind image reconstruction lies in assigning higher values of received sig- 
nal intensity to the matrix cells that encompass the target compared to 
those that do not. The signal scattered and received by the receiver carrying 
the target echo is processed using the algorithm detailed in the previous 
section. Subsequently, the processed data is utilized to populate the matrix 
cells in accordance with Equations (7.6)-(7.9). Let the signal described by 
Equation (7.5) in its discrete form be written as: 


S(n) 2 [x(n1).x(n2). x (n3) Ws x(ni) (7.6) 


where T(n) lies in the range t; — t4. 
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Figure 7.4 Data processing, (a) scattered signal in frequency-domain received by X-band 
waveguide antenna, (b) time-domain scattered signal obtained after IFFT, (c) 
absolute value of time-domain signal, (d) smoothened signal after applying 


Savitzky—Golay filter and applying time-gating to it. Reproduced with permis- 
sion from IEEE [I]. 
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Figure 7.5 Matrix formation using processed data for image formation. 


Then the matrix M(qxq) is filled such that for any cell M (l,m) of the 
matrix (where l is the position of the cell in the x-axis, while 7 is the posi- 
tion of the cell in the y-axis from the centre of the matrix); for any j^ posi- 
tion of the sensor is: 


M, (l,m) = S(tim) (7.8) 
Here S(t,,,) is the value/amplitude of signal at time ¢(/,77). 
t(l,m) 2 2* D/c (7.9) 


where D = distance between the j^ sensor with location (xj. yj. -0) and 
the cell t * Ax, m* Ay,z = d); Ax and Ay are the dimensions of each unit cell. 

Here, t(l,m) is not unique to a particular cellM (l,m); rather it will be 
the same for all the cells that lie on a circle passing through M (l,m). This 
is so because all these cells will be equidistant from the transceiver unit 
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Figure 7.6 Illumination of target from different scanning locations. 


(for a given location) and the time of flight for all of them will be equal. 
Further, it should be noted that the least/initial time of the echo signal 
t (n1) corresponds to the matrix cell exactly perpendicular (aligned) to the 
transceiver unit, as it is at the shortest distance from the transmitter, while 
the maximum time t(ni) corresponds to the scattering from the farthest 
point or the corner of the target. The matrix formation is shown in Figure 
7.5. Let the centre of the investigation domain/matrix be aligned with the 
trans-receiver unit for the first scanning position (i.e. at the origin of the 
transceiver unit); then t(n1) and a(n1)/S(t,) will correspond to the cen- 
tre of the matrix. Similarly, for other scanning positions, the centre of the 
intensity circles shifts equivalent to the shift in the trans-receiver (along the 


6,99 


x 


CP 


and “y”-axes). Thus, a square matrix M, (qxq) is obtained for each j” 
scanning location, where q is the number of cells (often called pixels) along 
the “x”- and “y”-axes of the investigation domain. 

Figure 7.6 shows that the high intensity regions seem to be distributed in 
each matrix (for different sensor location) along the circle. These matrices 
for different scanning locations are then added as given by Equation (7.10), 
which gives a localized high intensity region corresponding to the presence 
of the target, as the intensity at cells containing the target is added con- 
structively, thus highlighting the target region. 
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p 
Mr(qxq)= > Max q), p = total number of scanning positions (7.10) 
j=l 
Several regularly and irregularly shaped objects are being used as targets 
to validate the imaging process and the reconstructed images are shown in 
the upcoming sections. 


7.6.2 Resolution in range and cross- 
range in 2D scanning 


The resolution achieved in the range and cross-range of the investigation 
domain mostly depends on antenna bandwidth and centre frequency along 
with other factors. The resolution factors considered are as defined in [25], and 
are given by Equations (7.11) and (7.12) as R (range resolution) and CR (cross- 
range resolution). Here k is the wave number at the respective frequency, D is 
the range of the target from the T/R module, L is the half-length of scanning 
axes, and @ , is the angle of illumination. Here it is considered as 0°. 


2n 
R- 
2(k; - ki) Pun 
= d l 
2(f-f) 
= 2nD 
ror 4k.L cos(0;) eae 
= cD l 
E 4f.Lcos(0;) 


The above-mentioned equations show that range resolution is bandwidth 
dependent, while cross-range resolution is dependent on centre frequency 
keeping other parameters constant. Thus, different cross-range resolutions 
will be achieved for different operating bands, as will be seen in upcoming 
sections. 


7.7 MULTIBAND STACKED MICROSTRIP 
ANTENNAS AS TRANSCEIVERS IN 
MICROWAVE IMAGING SYSTEM 


As discussed earlier, stacked microstrip antennas, being planar, compact, 
and broadband compared to a basic patch antenna, can be easily used in 
microwave imaging applications to keep the overall system compact. To 
achieve better image resolution compared to UWB antennas, stacked 
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microstrip antennas operating at different frequency bands can be used, to 
obtain more spectral information of the target in different bands. As a case 
study proposed here, stacked antennas designed at two microwave frequency 
bands, i.e. X-band and C-band, are used. The targets chosen for imaging 
are different types of real-life metallic objects, placed in an open real envi- 
ronment. This will help validate the image reconstruction algorithm for 
real-life scenarios. Additionally, imaging also extends to objects concealed 
behind dielectric mediums, carried out across different frequency regions. 
Due to the substantial difference in wavelengths between the two frequency 
bands chosen in the present case, the resolution and penetration capabilities 
vary. In essence, higher frequencies provide better resolution, while lower 
frequencies offer superior penetration. The proposed work examines this 
phenomenon through a series of experiments conducted across different 
frequency bands. The insights gained from these experiments can be inte- 
grated to enhance target detection and geometry estimation. 


7.7.1 Microwave imaging set-up comprised 
of X-band stacked antenna 


Two X-band stacked antennas are employed in the proposed bistatic micro- 
wave imaging set-up, acting as a transmitter and a receiver (one transceiver 
unit). The 2D target scanning is achieved by moving the transceiver unit as 
a whole to various randomly distributed locations around the target. This 
random distribution of sensors allows for target illumination from multiple 
angles, unlike scanning at co-linear points. The aim is to capture images 
of multiple irregular and complex-shaped real-life objects. The objects are 
positioned in the far-field region of the antennas but at a short range (110 
cm away from the set-up). The proposed stacked antenna used as a trans- 
ceiver in the imaging system is depicted in Figure 7.7 [26]. The performance 
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Figure 7.7 Proposed X-band stacked antenna. Reproduced with permission from IET 
[26]. 
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comparison of the proposed stacked microstrip antenna is also done with 
the X-band waveguide adaptor to evaluate its relative performance. The 
waveguide adaptor antenna is chosen here, because it is similar to the pro- 
posed printed antenna in terms of wide beamwidth radiation pattern. The 
S11 response, radiation pattern, and gain graph of this X-band antenna are 
shown in Figure 7.8, Figure 7.9, and Figure 7.10, respectively. Its perfor- 
mance comparison with an X-band waveguide adaptor antenna is presented 
in Figure 7.11 when a large metallic sheet (ideal reflector) is placed in front 
of the transceiver unit comprising these antennas [27]. The microwave imag- 
ing set-up incorporating the X-band stacked antenna is illustrated in Figure 
7.12. 


7.7.2 Microwave imaging set-up comprised 
of C-band stacked antenna 


The next case is evaluating the performance of C-band stacked microstrip 
antennas when used in a microwave imaging set-up as a transceiver unit. 
The proposed C-band stacked antenna geometry is shown in Figure 7.13 
[28]. Similar to the previous case, scanning is carried out using randomly 
distributed sensors/transceivers in 2D. The antenna has a wideband 
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Figure 7.8 SII response of the proposed X-band stacked antenna. Reproduced with 
permission from IET [26]. 
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Figure 7.9 Radiation pattern of the proposed X-band antenna at different frequencies. 
Reproduced with permission from IET [26]. 
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Figure 7.10 Gain graph of the X-band stacked antenna used as a transceiver in the imag- 
ing system. Reproduced with permission from IET [26]. 


response (3 GHz bandwidth) and unidirectional radiation patterns, which 
are depicted in Figure 7.14 and Figure 7.15, respectively, while the design 
parameters are listed in Table 7.1 The gain of the C-band stacked antenna 
is given in Figure 7.16, which shows the achieved peak gain of 8dBi, making 
it suitable to be deployed in the imaging system. 

The response of the C-band is also compared with the C-band waveguide 
adaptor antenna (open-waveguide antenna) for the case of a large metal 
sheet (ideal reflector) as a target. $21 response for both antennas is given in 
Figure 7.17. 
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Figure 7.11 S21 response of X-band antenna and waveguide antenna (in E-plane) in the pre- 
senceofalarge metal sheetat | |0 cm. Reproduced with permission from IEEE [27]. 
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Figure 7.12 Microwave imaging set-up employing stacked microstrip antennas as 


transceiver. 
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Figure 7.13 (a) Proposed C-band stacked antenna design and (b) the fabricated antenna. 
Reproduced with permission from IETE [28]. 
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Figure 7.14 Measured and simulated SII response of proposed C-band stacked antenna. 
Reproduced with permission from IETE [28]. 


7.8 RECONSTRUCTED IMAGES 
7.8.1 Reconstructed images of targets (in 
free-space) using X-band antenna 


In this section, we consider the case when targets are kept in free-space, i.e. 
in a real-noisy environment, without any absorbers in the surroundings. 
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Figure 7.15 H-plane radiation patterns of the proposed stacked antenna at different res- 
onant frequencies. Reproduced with permission from IETE [28]. 


Table 7.1 Design parameters of proposed C-band stacked antenna 


Parameter Value (in mm) Parameter Value (in mm) 
Ww 52 w3 13.6 

L 50 L3 12 

wl 12 Wf N 

LI 10.89 Ws 1.95 
w2 13 SI 44 

L2 n Sw 2.59 

y 7.4 erl 3.6(no unit) 
hl 0.508 er2 2.2(no unit) 
h2 1.5 er3 2.2(no unit) 
h3 2.5 


The scattering of the incident waves from the target is a function of its 
shape and reflectivity; thus these scattered waves contain the target’s infor- 
mation. This information is then processed using the previously described 
algorithm. The different irregularly shaped objects used as targets and their 
reconstructed images are shown in Figure 7.18, while real-life objects used 
and their respective images are shown in Figure 7.19. The targets are kept at 
a distance of 110 cm from the plane containing the transceiver unit. 

The obtained images for different geometries are quite distinguishable 
and resemble the targets very closely. In Figure 7.19, real-life objects such 
as pair of pliers and nose-pliers are considered targets to carry out micro- 
wave imaging process. The images of these objects show quite a similarity 
with the original structure, except for the fact that the legs of the pliers in 
both cases could not be detected. This is due to the strong plastic cover on 
the pliers’ legs, and also due to the very wide scattering angles of the legs 
which may require multiple receivers placed at wide angles or 3D scanning. 
These results show that a resolution of up to 2.5 cm is achievable, which is 
the width/separation of the mouth of pliers, in the present case of X-band 
stacked antennas as transceivers. 
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Figure 7.16 Simulated and measured gain of C-band stacked antenna. Reproduced with 
permission from IETE [28]. 


Additionally, we examine two targets that are separated in cross-range 
for image reconstruction. We consider two different cases: the first involves 
two pliers separated in cross-range, and the second involves pliers and a 
vertical rod separated in both range and cross-range. The corresponding 
image of two pliers separated from each other in the cross-range plane is 
shown in Figure 7.20. An image of the other case of pliers and one cylindri- 
cal rod separated in both range and cross-range is shown in Figure 7.21. 


The normalized cross-range separation in both cases is given by 7 - 0.23, 
(x = 25.4 cm, d = 110 cm); here d, is the range of the pliers (d; = d = 85 cm) 
and d, (110 cm) is the range of the rod from the T/R module. 

The detection and shape reconstruction of multiple targets is possible 
because the responses from different targets are separated in the time 
domain as shown in Figure 7.22 and Figure 7.23, and therefore can be 
easily separated using time-gating described in earlier sections. The range 
resolution is inherently limited by the system's bandwidth, as it dictates the 
distribution of the echo signal in the time domain and, consequently, the 
overlap of two echoes. The first echo signal, or scattered wave, corresponds 
to the target nearest to the imaging system, while the subsequent echo per- 
tains to a more distant target. 
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Figure 7.17 S21 response of C-band stacked antenna and waveguide adaptor in the pres- 
ence of a very large metal sheet (acting as reflector) at 110 cm. Reproduced 
with permission from IEEE [27]. 


7.8.2 Reconstructed images of targets hidden 
behind dielectric medium in X-band 


In scenarios where targets are concealed behind a dielectric medium, 
incident waves on the target undergo diffraction by the medium. While 
some waves are diffracted, others penetrate the material. Due to the long 
wavelength of microwaves, most of the signal strength goes through the 
dielectric, although losses occur at the dielectric-air boundary, resulting 
in noisy scattered signals from the target. Background subtraction proves 
effective in mitigating the signal noise caused by diffraction, and employ- 
ing improved time-gating and signal processing techniques can enhance the 
image quality. In this study, we utilized the algorithm described previously 
(in Section 7.6) for image reconstruction, accompanied by refined time- 
gating and optimized signal averaging with a smaller filter length selection. 

Now the targets used in experiments are a pair of pliers and an inverted 
cylindrical rod, as shown in Figure 7.24. The dielectric mediums used for 
the present study are foam, cardboard box, and plywood depicted in Figure 
7.25. A 3.8 cm thick piece of foam is used to hide the targets in one case. In 
the second case, the targets are completely covered with a cardboard box, 
while in the third case, the targets are hidden behind 1.5 cm thick plywood. 
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Figure 7.18 Irregular shaped targets at I10 cm and their respective images (I unit 
2.54 cm = | inch). 


Figure 7.19 Real-life objects used as targets at 110 cm and their respective images (I unit 
= 2.54 cm = | inch). Reproduced with permission from IEEE [27]. 


The respective images for the different dielectric mediums are shown in 
Figure 7.26, which show increased noise in the reconstructed image. 

In all of these images, amplitude levels are scaled by a factor of 10-3. 
The images indicate that when the targets are hidden, some distortion is 
observed in the reconstructed images. This distortion is primarily caused by 
wave diffraction at the air-dielectric interface when electromagnetic waves 
pass through the dielectric material. As the material density increases, so 
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Figure 7.20 Two pliers in the investigation domain separated in cross-range and their 
image. Reproduced with permission from IEEE [27]. 


0086420246 19 


Figure 7.21 Image of pliers and rod separated both in range and cross-range. Reproduced 
with permission from IEEE [27]. 
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Figure 7.22 Time domain response of X-band antenna for the pair of pliers as target. 
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Figure 7.23 Time domain response of X-band antenna for the case of pliers and vertical 
rod in the investigation, separated both in range and cross-range. 


does the diffraction. Consequently, when plywood is used as the dielectric 
medium in front of the targets, maximum distortion in the image occurs. In 
all the cases discussed above, the thickness of the dielectric medium is less 
than the operating wavelength, allowing wave penetration. However, since 
the wavelength and the thickness are still comparable, distortions persist. 
To achieve better imaging results for the case of hidden targets, it is advis- 
able to use transceivers operating at lower frequencies (larger wavelengths). 
Next, we will discuss microwave imaging carried out in the C-band fre- 
quency region using a C-band stacked antenna. 


180 Stacked Antennas 


Figure 7.24 Targets under test for the case of dielectric medium placed in front of tar- 
gets, (a) pair of pliers, (b) bent aluminium rod. 


Target behind the Plywood 
cardboard 


Figure 7.25 Set-up for various dielectric mediums in front of the targets. Reproduced 
with permission from IEEE [27]. 


7.8.3 Reconstructed images of targets (in 
free-space) using C-band antenna 


Like the previous case, multiple objects, akin to those utilized in the previ- 
ous section, are employed as targets and positioned in open space. Their 
image reconstruction is now carried out in the C-band region using the 
proposed C-band stacked antenna as a transceiver. The objects under 
examination and their respective captured images are depicted in Figure 
7.27 (irregularly shaped objects) and Figure 7.28 (real-life objects). As elu- 
cidated in Section 7.6.2, the spatial resolution depends upon the operating 
wavelength. This accounts for the fact that in the C-band region, the images 
acquired under the same conditions as those in the X-band case and with 
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Figure 7.26 Images of targets obtained for the case of targets hidden behind the dielec- 
tric medium. Reproduced with permission from IEEE [27]. 
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Figure 7.27 lrregularly shaped targets at 75 cm and their respective images (| unit = 2.54 
cm = | inch). 
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Figure 7.28 Real-life objects used as targets at 75 cm and their respective images (I unit 
= 2.54 cm = | inch). 


the same matrix formation will appear larger. This is ascribed to the fact 
that the same bandwidth in the C-band region will correspond to a broader 
response in the time domain as opposed to the X-band region. Thus, in this 
scenario, each unit cell must be proportionally adjusted as per Equation 
(7.13), which is derived from the cross-range resolution (Equation 7.12). By 
applying this scaling, the image matrix for this case can be readily juxta- 
posed with that obtained in the X-band region. 
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Figure 7.29 Two pliers in investigation domain separated in cross-range (I unit = 2.54 
cm = | inch). 


Ax o e. (7.13) 


1 


Here Ax is the spatial resolution for X-band, 4, is the operating wavelength 
of the C-band antenna at the centre frequency of the band of operation, 
while 4, is the operating wavelength of the X-band antenna. Similarly for 
targets at different distances, spatial resolution will change and has to be 
scaled according to Equation (7.12). The equation states that for larger 
distances, spatial resolution will be greater. The colour-bar amplitudes are 
scaled by 10-3. Further, resolution and image reconstruction in the case of 
two objects in cross-range has been evaluated. Two pliers separated by 25 
cm in cross-range and at a distance of 110 cm from the T/R module are 
shown in Figure 7.29 along with a reconstructed image. Further, the image 
reconstruction of a pair of pliers and vertical rod separated both in range 
and cross-range (as in previous case) in C-band is shown in Figure 7.30. The 
range separation of the target is (dzd) 25 cm while the cross-range separa- 
tion is 30.5 cm. The range of the pliers is 85 cm and that of the rod is 110 
cm from the T/R module. 

The results obtained for the C-band frequency region, for the case when 
targets are kept in free-space, show that the resolution achieved is less than 
that in the X-band region (as was expected). However, images of larger 
objects are satisfactory as their size is comparable with the operating wave- 
length, whereas the images of smaller objects (pliers and nose-pliers) have 
been distorted. However the observation also highlights that the images of 
smaller objects are still distinguishable and can lead to shape estimation if 
some prior information about the target is available. Similarly, for the case 
of two pliers in the investigation domain, the shape of pliers is not enhanced; 
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Figure 7.30 A pair of pliers and vertical rod in investigation domain separated both in 
range and cross-range. 


however, the resolution among the two pliers is achieved. Moreover, the 
vertical rod and pair of pliers separated in range and cross-range show that 
resolution between the targets both in range and cross-range is achievable, 
but the individual image shows slight distortion. 


7.8.4 Reconstructed images of targets 
hidden behind dielectric medium 
using C-band stacked antenna 


Further, the imaging of targets concealed behind various dielectric medi- 
ums within the C-band frequency range is carried out. The targets tested 
are a horizontal cylindrical bent rod and a U-shaped rod, kept behind the 
dielectric materials previously described. The accompanying figures (Figure 
7.31 and Figure 7.32) display the targets and their respective images for the 
different dielectric mediums positioned in front of them. 

The images obtained in this case show that due to the better penetra- 
tion capability of waves in the C-band frequency region as compared to the 


Stacked microstrip antennas for microwave imaging 185 


Figure 7.31 Objects under test for imaging with different dielectric mediums hiding the 
targets: horizontally lying bent rod and U-shaped bent rod. 


X-band region, the images obtained are much clearer with minimum distor- 
tion even for the case of a dense medium like plywood. Hence compared 
to higher frequency antennas, lower frequency antennas can help achieve 
better shape estimation and target detection when targets are hidden behind 
a dielectric medium. 

Comparing the reconstructed images in two operating bands for different 
cases, it is observed that using two/multiple frequency regions can provide 
more spectral information about the targets in different scenarios if the 
antenna is not a UWB antenna. This can be helpful in better target detec- 
tion and shape reconstruction of targets in different conditions and for dif- 
ferent target dimensions. Such a system can be better than a UWB imaging 
system, as it will avoid the noise present over such a wide band and allows 
the reduction of noise from back clutter too by employing stacked patch 
antennas with unidirectional radiation patterns (which is not the case with 
a UWB antenna). The next section will delve into the performance of a 
frequency-reconfigurable antenna for improved image reconstruction. 


7.9 RECONFIGURABLE STACKED ANTENNA 


A reconfigurable antenna, depicted in Figure 7.33 [29], operates in switched 
mode to enable the utilization of both X-band and C-band antennas in the 
imaging system as a single circuit. This configuration allows for the extrac- 
tion of more spectral information from the target. Two diodes enable the 
antenna to operate in a switched mode, with one diode activating the cor- 
responding antenna at a time. By illuminating the target using signals in 
X-band and C-band regions at different times while maintaining consistent 
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Figure 7.32 Reconstructed images of targets hidden behind different dielectric materials 
(I unit = 2.54 cm = I inch). 
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(a) 


X-band stacked antenna 


C-band stacked antenna 


Figure 7.33 Reconfigurable stacked antenna, (a) 3D view, (b) fabricated antenna. 
Reproduced with permission from Cambridge University Press [29]. 


environmental conditions, the antenna captures the target’s spectral infor- 
mation in two microwave bands. Combining this information provides a 
comprehensive view of the target’s wideband spectral information under 
interrogation. 

In the reconfigurable/switching antenna used here, the common 50-ohm 
feed line feeds both antennas through a switch (PIN diode). A regulated 
DC voltage supply is connected to each diode, with a positive terminal con- 
nected to the diode’s anode and a negative terminal connected to the com- 
mon feed line to make it a common ground. For practical implementation, 
the DC supply can be replaced by a potentiometer connected with DC bat- 
teries (to keep the antenna measurement set-up light and compact). The 
response of both antennas: the C-band and X-band stacked antennas, in 
the reconfigurable antenna design is given in Figure 7.34 and Figure 7.35 
respectively. 
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Figure 7.34 SII response of reconfigurable stacked antenna for C-band antenna ON. 
Reproduced with permission from Cambridge University Press [29]. 
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Figure 7.35 SII response of reconfigurable stacked antenna for X-band antenna ON. 
Reproduced with permission from Cambridge University Press [29]. 
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Figure 7.36 SII response of reconfigurable stacked antenna, with C-band antenna ON vs 
original response of C-band stacked antenna. Reproduced with permission 
from Cambridge University Press [29]. 


However, integrating two antennas at a common ground causes slight 
distortion in their individual response due to some coupling between them 
as shown in Figure 7.36 and Figure 7.37 for C-band and X-band frequency 
regions respectively. This variation is quite negligible in both cases. The 
measured radiation patterns of reconfigurable stacked antenna are given in 
Figure 7.38 which show some deviation as compared to original patterns 
due to mutual coupling. Also, some drop in gain exists at higher frequencies 
in each case. 


7.9.] Measurement set-up employing 
reconfigurable stacked antenna 


A microwave imaging measurement set-up, comprising of reconfigurable 
stacked antennas as transmitter and receiver (transceiver), is shown in 
Figure 7.39, with the target kept in the E-plane of both antenna elements of 
the reconfigurable antenna. The perpendicular distance between the target 
and the system's origin is “d”. 

As can be seen from the set-up, the offset *s" in the origins of the two 
stacked antennas along the y-axis should be considered in the imaging algo- 
rithm. Further, as can be seen in Figure 7.33, the feed line is extended for 
the C-band antenna to avoid interference of its radiation pattern with the 
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Figure 7.37 SII response of reconfigurable stacked antenna, with X-band antenna ON vs 
original response of X-band stacked antenna. Reproduced with permission 


from Cambridge University Press [29]. 
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Figure 7.38 Measured H-plane radiation patterns of reconfigurable stacked microstrip 
antenna at different frequencies, (a) C-band antenna ON, (b) X-band antenna 
ON. Reproduced with permission from Cambridge University Press [29]. 


X-band antenna. This causes a delay in the time-domain signal received at 
the C-band receiver, such that 


A t= 2*^ llc, where A l= L5 - 1, (7.14) 
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C-band tr ceiver 


Figure 7.39 Measurement set-up employing reconfigurable stacked antenna as trans- 
ceiver. Reproduced with permission from Cambridge University Press [29]. 


The factor of two exists to account for the delay at both the transmitter 
and the receiver. This should be incorporated while applying time-gating at 
the received time-domain signal for the C-band stacked antenna. 


7.9.2 Image reconstruction using reconfigurable 
stacked antenna by matrix addition method 


The target information is extracted in two frequency bands by scanning 
the targets using two stacked antennas, switching on one at a time. This 
process involves scanning the targets twice. Image matrices are created in 
each frequency band to estimate the shape of the target. The final image is 
obtained by combining the two image matrices using Equation (7.15). This 
results in an image containing more spectral information on the target and 
leads to an improved image. Before adding the matrices, the image matrix 
in the C-band frequency region is scaled according to Equation (7.16). This 
equalizes the image resolution in both matrices, making matrix addition 
possible. 


P=I*M,+M, (7.15) 
a. i 

where I = —— (7.16) 
Ix 


Using the above equation, image matrices obtained in the C-band and 
X-band regions can be combined. Here, in Equation (7.15), M, and M, are 
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the image matrices in the X-band and C-band frequency regions respec- 
tively, while I’ is the intensity ratio given by Equation (7.16). I’ represents 
the ratio of the intensity of the echo signal received from the target in the 
C-band frequency region to that received in the X-band frequency region 
if the received signal intensities differ in time domain for two different fre- 
quency antennas. This difference may exist due to the difference in gains of 
the two antennas (if any). 

It is advantageous to use a reconfigurable stacked antenna for target scan- 
ning, as it maintains a consistent target scanning system and environment. 
This approach also reduces calibration errors, as the cables are fixed and 
remain stationary. Additionally, a reconfigurable antenna enables target 
illumination at various angles and ensures uniform reception of scattered 
waves from the target by both antennas. 


7.9.3 Image reconstruction using reconfigurable 
stacked antenna by combining 
signals in the frequency domain 


In the preceding section, we discussed target imaging using reconfigurable 
stacked antennas through method I. The target information extracted in 
individual frequency bands can be aggregated to produce an improved 
image. In this section, we will explore a second method for combining tar- 
get information in two frequency bands. This involves combining the tar- 
get's spectral information in the frequency domain, providing the target's 
information across a broad frequency spectrum, from C-band to X-band. 
This effectively simulates a very wideband antenna response, which should 
yield more precise target information [29]. The combined frequency domain 
information is then converted to its time-domain form and processed as 
detailed in Section 7.6. This approach helps avoid the noise that would nor- 
mally be present in a broad frequency spectrum of a UWB antenna or an 
antenna with a very wideband response, while also enabling the extraction 
of more spectral information. 

X-band and C-band antenna responses in the frequency domain are 
given in Figure 7.40 and Figure 7.41 respectively. The combined frequency 
domain response is given in Figure 7.42 and Figure 7.43 (in linear scale). 
The $21 responses show some noise that is mostly due to calibration errors. 
The time-domain response of this broad frequency spectrum (combined 
response in C-band and X-band regions) is given in Figure 7.44. The time- 
domain response also shows some distortion as compared to previous 
responses in individual bands due to calibration errors over the wide fre- 
quency spectrum. The C-band antenna's response is considered up to 8.5 
GHz, after the 8.5 GHz X-band antenna's response is taken into account. 
This makes the given reconfigurable stacked antenna design response equiv- 
alent to an ultra-wideband response from 5.5 to 11.5 GHz. 
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Figure 7.40 S21 response of C-band stacked antenna for pliers as target at 28 inches. 
Reproduced with permission from Cambridge University Press [29]. 
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Figure 7.41 S2| response of X-band stacked antenna for pliers as target at 28 inches. 
Reproduced with permission from Cambridge University Press [29]. 


7.9.4 Reconstructed images using 
reconfigurable stacked antenna 


Applying the earlier described image reconstruction algorithm in Section 
7.6, an improvement in the obtained image is observed, as both methods 
combine additional target information to get the final image. The vari- 
ous irregularly shaped targets used are shown in Figure 7.45, while their 
imaging results are shown in Figures 7.46, 7.47, and 7.48. The images that 
have been reconstructed display the individual X and C-band images, each 
obtained with the respective antenna element switched ON in the recon- 
figurable antenna. Following these images is the combined image obtained 
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Figure 7.42 S2| response of C-band and X-band stacked antennas combined for pliers as 
target at 28 inches. Reproduced with permission from Cambridge University 
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Figure 7.43 S21 response of C-band and X-band stacked antennas combined (linear) for 
pliers as target at 28 inches. Reproduced with permission from Cambridge 
University Press [29]. 


using image matrix addition (method I), and the spectral data combined at 
the pre-processing stage (method II). Both methods can be utilized based on 
the transceiver parameters and the specific application. In either case, there 
is a possibility of introducing additional spectral noise due to the wide- 
band data used, if the system calibration is not performed correctly. The 
second method may outperform the first as it effectively provides ultra- 
wideband data for processing in the time domain. However, the use of the 
second method (method II) is viable only if the two operating bands of 
the reconfigurable antenna can be merged into a single continuous wide- 
band. Otherwise, method I can be employed for any such configuration of 
a reconfigurable stacked antenna. 
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Figure 7.44 Time-domain response corresponding to combined frequency-domain 
responses of C-band and X-band antennas, for pliers as target at 28 inches. 
Reproduced with permission from Cambridge University Press [29]. 
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Figure 7.45 Objects used as targets with reconfigurable stacked antenna as transceiver. 
Reproduced with permission from Cambridge University Press [29]. 


7.10 BIOMEDICAL IMAGING USING 
STACKED MICROSTRIP ANTENNAS 


Apart from metallic target detection, microwave imaging can be a use- 
ful non-destructive tool for the imaging of non-metallic targets as well. 
More importantly, microwave and mm-wave imaging are used in biomedi- 
cal imaging applications nowadays owing to their non-ionizing property. 
In this case, rather than a reflected signal, the signals diffracted from or 
transmitted through the medium are taken into consideration. This maps 
the dielectric profile of the medium and helps in identifying any medium 
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Figure 7.46 Reconstructed images of bent aluminium rod (a) in X-band, (b) in C-band, 
(c) X- and C-band data combined using image matrix addition (method |), 
and (d) X- and C-band data combined in the spectral domain (method II). 
Reproduced with permission from Cambridge University Press [29]. 
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Figure 7.47 Reconstructed images of U-shaped aluminium rod (a) in X-band, (b) in C-band, 
(c) X- and C-band data combined using image matrix addition (method l), 
and (d) X- and C-band data combined in the spectral domain (method Il). 
Reproduced with permission from Cambridge University Press [29]. 
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Figure 7.48 Reconstructed images of V-shaped aluminium rod (a) in X-band, (b) in C-band, 
(c) X- and C-band data combined using image matrix addition (method |), 
and (d) X- and C-band data combined in the spectral domain (method II). 
Reproduced with permission from Cambridge University Press [29]. 


changes that occurred while the wave propagated through the dielectric 
medium under test. In the case of biomedical imaging, the change in medium 
exists when there is any unknown variation in any body part at the tissue or 
molecular level. This variation in the dielectric profile of any tissue or area 
under scan exists due to some underlying cause. For example, in the case 
of breast cancer, the dielectric properties of the cancerous cell/tissue will 
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be different than the dielectric profile of the skin. This scenario will cause 
wave diffraction at the location of this cancerous tissue owing to changes in 
the medium through which the wave propagated. Thus, by subtracting the 
signal received when the cancerous tissue was not present or was not grown 
much, we can determine the presence and location of the cancerous tissue 
within the breast [30]. The microwave imaging set-up deployed for breast 
cancer imaging using stacked microstrip antennas is depicted in Chapter 6. 
Similarly, microwave imaging of head tumour is carried out in [31] using a 
folded stacked microstrip antenna. 


7.11 SUMMARY 


This chapter is focused on microwave imaging as a potential application of 
stacked microstrip antennas. The chapter introduced the basics of micro- 
wave imaging, system requirements, measurement and scanning set-up, 
and details of the SAR imaging algorithm. It further explored the utility of 
stacked microstrip antennas in the microwave imaging system and discussed 
different stacked antennas deployed in the set-up along with the imaging 
results. Additionally, it delved into microwave imaging using reconfigurable 
stacked antennas and examined two possible ways to enhance image qual- 
ity. Finally, the chapter briefly discusses the biomedical imaging application 
of stacked microstrip antennas. 


REFERENCES 


1. Ananjan Basu Ankita, *Microwave Imaging Using Distributed Sensors", 
IEEE MTT-S International Microwave and RF Conference, December 2013. 

2. M. Pastorino, *Microwave Imaging", Wiley, 2010. 

3. R. K. Amineh, M. Ravan, A. Trehan, and N. K. Nikolova, “Near-field micro- 
wave imaging based on aperture raster scanning with TEM horn antennas”, 
IEEE Trans. Antennas Propag., Vol. 59, No. 3, pp: 928-940, March 2011. 

4. S. A. Rezaeieh, A. Zamani, and A. M. Abbosh, *3-D wideband antenna for 
head-imaging system with performance verification in brain tumor detec- 
tion", IEEE Antennas Wireless Propag. Lett., Vol. 14, pp:910—914, April 
2015. 

5. T. F. Zanoon, and M. Z. Abdullah, *Quantitative imaging in the time domain 
featuring gradient based minimization and broyden updating", IEEE Microw. 
Wireless Comp. Lett., Vol. 21, No. 11, pp:628-630, November 2011. 

6. A. Elboushi, and A. Sebak, “MMW sensor for hidden targets detection and 
warning based on reflection/scattering approach", IEEE Trans. Antennas 
Propag., Vol. 62, No. 9, pp:4890—4894, September 2014. 

7. Z. Akhter, B. K. Buaman, and M. J. Akhtar, *Two-dimensional Microwave 
Imaging Scheme to Detect Concealed Objects", IEEE MTT-S International 
RF and Microwave Conference, pp:1-4, December 2013. 


198 


Stacked Antennas 


10. 


11. 


12; 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


. O. Malyuskin, and V. Fusco, “Near field enhancement and sub-wavelength 


imaging using resonantly loaded apertures”, IEEE Trans. Antennas Propag., 
Vol. 62, No. 6, pp:3130—3140, June 2014. 


. M. R. Eskandari, M. Dehmollaian, and R. Safian, *Experimental investiga- 


tion of factorization method as a qualitative approach for near-field micro- 
wave imaging", IEEE Antennas Wireless Propag. Lett., Vol. 13, pp:289-292, 
February 2014. 

R. Salman, I. Willms, L. Reichaedt, T. Zwick, and W. Wiesbeck, “On 
Polarization Diversity Gain in Sbort Range UWB-Radar Object Imaging", 
International Conference on Ultra-Wideband, pp:402-406, September 2012. 
M. T. Bevacqua, L. Crocco, L. D. Donato, and T. Isernia, *Microwave imag- 
ing of nonweak targets via compressive sensing and virtual experiments", 
IEEE Antennas Wireless Propag. Lett., Vol. 14, pp:1035-1038, May 2015. 
R. K. Amineh, J. McCombe, and N. K. Nikolova, *Microwave holographic 
imaging using the antenna phaseless radiation pattern", IEEE Antennas 
Wireless Propag. Lett., Vol. 11, pp:1529-1532, December 2012. 

S. Y. Semenov, A. E. Bulyshev, A. Abubakar, et al., *Microwave tomographic 
imaging of the high dielectric contrast objects using different image recon- 
struction approaches", IEEE Trans. Microw. Theory Techn., Vol. 53, No. 7, 
pp:2284-2294, July 2005. 

J. M. Geffrin, C. Eyraud, and A. Litman, *3-D imaging of a microwave 
absorber sample from microwave scattered field measurements", IEEE 
Antennas Wireless Propag. Lett., Vol. 25, No. 7, pp:472-474, July 2015. 

C. Gilmore, P. Mojabi, et al., *On super-resolution with an experimental 
microwave tomography system", IEEE Antennas Wireless Propag. Lett., Vol. 
9,pp:393-396, May 2010. 

M. Ostadrahimi, A. Zakaria, J. L.Vetri, and L. Shafai, *A near-field dual 
polarized (TE-TM) microwave imaging system", IEEE Trans. Microw. 
Theory Tech., Vol. 61, No. 3, pp:1376-1384, March 2013. 

M. N. Akinci, T. Caglayan, S. Ozgur, et al., *Qualitative microwave imag- 
ing with scattering parameters measurements", IEEE Trans. Microw. Theory 
Tech., Vol. 63, No. 9, pp:2730-2740, September 2015. 

M. Asefi, M. OstadRahimi, A. Zakaria, and J. LoVetri, *A 3-D dual-pola- 
rised near-field microwave imaging system", IEEE Trans. Microw. Theory 
Tech., Vol. 62, No. 8, pp:1790-1797, August 2014. 

Y. Wang, and A. E. Fathy, *Advanced system level simulation for three- 
dimensional UWB through-wall imaging SAR using time-domain approach", 
IEEE Trans. Geosc. Remote Sens., Vol. 50, No.5, pp:1986-2000, May 2012. 
N. Ghavami, G. Tiberi, D. J. Edwards, and A. Monorchio, “UWB microwave 
imaging of objects with canonical shape", IEEE Trans. Antennas Propag., 
Vol. 60, No. 1, pp:231-239, January 2012. 

S. S. Ahmed, A. Schiessl, and L. P. Schmidt, *A novel fully electronic active 
real-time imager based on a planar multistatic sparse array", IEEE Trans. 
Microw. Theory Techn., Vol. 59, No. 12, pp:3567-3576, December 2011. 

G. Charvat, A. Temme, M. Feigin, and R. Raskar, *Time of flight microwave 
camera”, Nat. Sci. Rep., Vol. 5, Article no. 14709, October 2015. 

R. W. Schafer, *What is Savitzky-Golay filter?" IEEE Signal Process. 
Magazine, pp:111-117, July 2011. 


Stacked microstrip antennas for microwave imaging 199 


24 


25. 


26. 


2. 


28. 


29. 


30. 


31. 


. S. R. Krishnan, and C. S. Seelamantula, “On the selection of optimum sav- 
itzky-golay filters”, IEEE Trans. Image Process., Vol. 61, No. 2, pp:380-391, 
January 2013. 

M. Soumekh, “A system model and inversion for synthetic aperture radar 
imaging", IEEE Trans. Image Process., Vol. 1, No. 1, pp. 64—76, January 
1992. 

Ananjan Basu Ankita, *Ananlysis and optimization of broadband stacked 
microstrip antenna using transmission-line model", IET Microw. Antennas 
Propag., Vol. 11, pp:81-91, 2017. 

Ankita Malhotra, and Ananjan Basu, *Miniaturised Distributed Transceivers 
for Far-Field Microwave Imaging", IEEE MTT-S International Microwave 
and R F Conference, pp:1-4, December 2018. 

Ankita Malhotra, *Broadband miniaturized c-band stacked antenna design 
and analysis using TLM”, IETE J. Res., pp:1-8, November 2023. 

Ankita Malhotra, and Ananjan Basu, *Broadband frequency reconfigurable 
printed transceivers for microwave imaging systems", Int. J. Microw. Wirel. 
Technol., Vol. 15, No. 7, pp:1130-1138, September 2023. 

Mehdi Mehranpour, Saughar Jarchi, Asghar Keshtkari, Ayaz Ghorbani, 
Ali Araghi, Okan Yurduseven, and Mohsen Khalily, *Robust breast cancer 
imaging based on a hybrid artifact suppression method for early-stage tumor 
detection", IEEE Access, Vol. 8, pp:206790-206805, 2020. 

Md. Rokunuzzaman, Md. Samsuzzaman, and Mohammad Tariqul Islam, 
*Unidirectional wideband 3-D antenna for human head-imaging applica- 
tion,” IEEE Antennas Wirel. Propag. Lett., Vol. 16, pp:169—172, 2017. 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 


Index 


Adaptive beamforming, 98 
Advantages, stacked microstrip 
antennas, 137-138 
Annular ring microstrip stacked 
antenna, 51-52 
axial ratio bandwidths, 53, 55 
current distribution, 53, 54 
design parameters, 53 
geometry, 52 
input impedance variation, 53 
measured and simulated radiation 
patterns, 53, 54 
measured and simulated S11 
parameter, 55, 56 
Antenna arrays 
applications, 130—133 
element-to-element spacing, 117 
feeding networks, 117 
sequential, 118—119 
slot-coupled, 119 
traditional, 118 
phase difference, 117 
planar stacked microstrip antenna 
array, see Planar stacked 
microstrip antenna array 
shared aperture stacked antenna 
array, see Shared aperture 
stacked antenna array 


stacked antenna array fed vertically, 
see Stacked antenna array fed 


vertically 
Antenna losses, 12. 
Aperture-coupled microstrip antenna 
bandwidth, 2 
circularly polarized, 2 


geometry of, 3 
impedance bandwidth response, 3, 4 
multiple resonances, 5 
TLM 
circuit-level equivalent model, 
70, 71 
compensation length (L,), 72 
electromagnetic coupling, 70 
induced electric field, 71 
mutual coupling, 75 
tilted slot, 69, 70 
transformer coil turn ratio, 
69, 70 


Aperture coupling, 1 
Applications, stacked microstrip 


antennas, 139-140 
direction finding and localization, 
147-148 
in 4G/5G/6G communication, see 
4G/5G/6G communication 
in IoT, 141 
in microwave/mm-wave imaging, 
see Microwave imaging 
system; mm-wave imaging 
in remote sensing, 143-145 
in RF energy harvesting, 145 
in satellite communication, 141-143 
in wearable electronics, 145-147 


Bandwidth, 9, 18-19, 131-133, 


147-148 
aperture-coupled stacked 
antennas, 4 
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Dispersion effect, 87 
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Electromagnetic coupling, x, 11, 101 
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multiple resonances, 16-17 
placement of stacked patches, 8-9 
polarization reconfigurability, 94 
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rectangular microstrip-fed stacked 
antenna, 22, 24 
textile-based stacked antennas, 13 
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microstrip antenna 
transmission-line model (TLM) 
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two-layered stacked microstrip 
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measured and simulated return 
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simulated return loss response, 43 
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U-shaped slot, 41 


Field distribution, 9 
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approach, 59 
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S-parameters of, 149, 151 
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measured and simulated radiation 
patterns, 47-49 
measured and simulated VSWR, 
47, 48 
stages of, 47 
VSWR response, 47, 48 
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Frequency reconfigurable antennas, 97 
Frequency reconfigurable stacked 
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with broadband frequency shift, 
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with continuous narrowband 
frequency shift, 101-103 
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Full-wave analysis, 59 
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H-shaped stacked antenna, 36-37 
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targets in free-space, 180—184 
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Impedance matching, 8, 22, 24, 
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multiband, 18 
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Internet-of-Things (IoT), 141, 145 


Limitations, stacked microstrip 
antennas, 138-139 


Magneto-dielectric (MD) materials, 
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design of, 50 
design parameters, 50 
fabricated prototype, 50 
high-frequency applications, 48 
measured and simulated return loss, 
48, 49 
radiation patterns, 49, 51 
SRR array structure, 49—51 
Mechanical reconfiguration 
technique, 97 
Meta-surface-based polarization 
reconfigurable antenna, 99 
Micro-electromechanical system 
(MEMS)-based switches, 96 
Microstrip and probe-fed stacked patch 
antennas, 3-5 
Microwave imaging system, xi; see also 
mm-wave imaging 
applications, 157 
bandwidth, 159 
biomedical imaging, 195-197 
block diagram, 157, 158 
cavity-backed aperture-coupled 
stacked antennas 
fabricated prototype, 152 
imaging results, 152, 153 
definition, 150-151 
far-field imaging system, 159 
hidden target detection, 150, 158 
image reconstruction, see Image 
reconstruction 
measurement set-up, 160 
3D scanning measurement 
set-up, 160—161 
2D scanning measurement 


C-band stacked antennas, see 
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microwave imaging 

X-band stacked antennas, 
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near-field imaging system, 159 

polarization diversity, 158 

qualitative and qualitative imaging, 
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radiation pattern, 159 
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see Reconfigurable stacked 
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stacked antennas as transceiver 
units, 159—160 

surface and volume scattering, 157 

through-wall imaging, 158 
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properties, 159 


mm-wave imaging 


cavity-backed aperture-coupled 
stacked antennas, 152, 153 

definition, 150-151 

hidden target detection, 150 

scattered/reflected/diffracted 
waves, 150 

signal's penetration depth, 151 

transceiver unit, 151, 152 


Multiband applications, stacked 
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Multiple resonances, 16-17, 137, 138 
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antennas, 2 
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antenna, 5 


Optical reconfigurability, 96-97 


Pattern reconfigurable antennas, 98 
Pattern reconfigurable stacked 


microstrip antenna 
array structure, 107, 109 
driven patch layer, 106-107 
feeding network layer, 106—108 
parasitic patch layer, 106—107 
radiation patterns, 107, 110 
S11 response and gain response, 
106, 107 


set-up, see 2D scanning 
measurement set-up 

multiband stacked microstrip 
antennas as transceivers, 
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Phased array antennas, 98 
PIN diodes, 99 
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design parameters, 120 
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design parameters, 122, 123 
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structure, 124 
geometry, 122 
hybrid couplers, 124 
leaf-shaped meta-surface-based 
antenna elements, 120 
response at different design 
stages, 123 
response of four element antenna 
array, 124, 125 
stages of evolution, 121-122 
Polarization, 9-10, 94 
circular, 112, 119 
circularly polarized antenna, 
120, 122 
cross-polarization, 27, 28, 44 
diversity, 158 
dual, 44-46, 147 
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LHCP and RHCP, 108, 112 
orthogonal, 131, 143 
vertical, 147 
Polarization reconfigurable 
antennas, 98-99 
Polarization reconfigurable stacked 
antenna 
array structure, 109 
different states of operation, 
110, 112 
feeding layer, 112 
geometry, 111 
LHCP and RHCP, 108, 112 
radiation pattern, 112-113 
return loss and gain, 113, 114 
SIW structure, 110 
Printed monopole antennas, 12 
Proximity-coupled stacked antennas, 5 


O factor, 10 
O value, 10, 11, 86 


Radiated power, 10, 11, 19, 118 
Radiation efficiency, 12, 117 
Radiation patterns, 10, 117 
4G/5G/6G communication, 140-141 
annular ring microstrip stacked 
antenna, 44-47 
directive, 117 
F-probe-fed stacked patch 
antenna, 46-47 


magneto-dielectric (MD) materials, 
47, 48 
microwave imaging, 157 
C-band stacked antennas, 
170-173 
X-band stacked antennas, 
169, 172 
pattern reconfigurable array 
antenna, 110, 111 
pattern reconfigurable stacked 
microstrip antenna, 106, 108 
polarization reconfigurable stacked 
antenna, 112-114 
of proposed modified stacked 
antenna, 34, 35 
reconfigurable stacked antennas, 
185, 189 
rectangular microstrip-fed stacked 
antenna, 28, 30, 32, 33 
stacked antenna array fed vertically, 
126,127 
surface waves affecting, 16 
Radiation resistance, 11, 67-68 
Range resolution, 168, 175 
Realized gain, 11 
Reconfigurable antennas 
frequency, 97 
pattern, 98 
polarization, 98—99 
Reconfigurable stacked antennas, x-xi 
fabricated antenna, 187, 188 
frequency reconfigurable design 
with broadband frequency shift, 
103-106 
with continuous narrowband 
frequency shift, 101-103 
image reconstruction 
of bent aluminium rod, 
180, 196 
by combining signals in 
frequency domain, 192-193 
by matrix addition method, 
191-192, 194 
objects used as targets, 195 
pre-processing stage, 194 
of U-shaped aluminium rod, 
196, 197 
of V-shaped aluminium rod, 
196, 197 
measurement set-up employing, 
189-191 
meta-materials, 101 
overview, 94, 99-100 


206 Index 


pattern reconfigurable design, see 
Pattern reconfigurable stacked 
microstrip antenna 
polarization reconfigurable 
design, see Polarization 
reconfigurable stacked 
antenna 
reconfigurable feeding network, 101 
$11 response 
C-band antenna, 189 
measured H-plane radiation 
patterns, 189, 190 
X-band antenna, 189, 190 
3D view, 187, 189 
Reconfiguration techniques, 94 
electronic reconfigurability, 95-96 
mechanical reconfiguration 
technique, 97 
optical reconfigurability, 96-97 
through smart materials, 97 
Rectangular microstrip-fed stacked 
antenna 
modified design 
fabricated antenna, 34 
layout, 34 
radiation patterns, 34, 36 
S11 response, 30, 32 
simulated and measured 
gain, 32-34 
overview, 22 
parasitic substrate and patch 
parameters effect, 22-23 
placement of parasitic patch and 
feed parasitic effects, 22-25 
properties 
cross-polar power ratio, 28, 30 
electric field distribution, 28, 32 
improved/proposed stacked 
antenna geometry, 29 
measured H-plane co-polar and 
cross-polar radiation patterns, 
27, 31 
measured vs. simulated gain and 
efficiency graph, 30, 31 
$11 response of improved/ 
proposed stacked, 29, 30 
S11 response of proposed stacked 
antenna, 29, 30 
simulated S21 of proposed 
stacked antenna, 30, 32 
second parasitic patch and substrate 
parameters effect, 25-26 
slot at the driven patch effect, 27-28 


Remote sensing, 143-145 
RF energy harvesting, 145 


Satellite communication, 141-143 
Savitzky-Golay filter, 163-165 
Sequential feeding networks, 118-119 
Series-parallel curved transmission- 
line-based feed line, 119 
Shared aperture stacked antenna array 
combining two different operating 
band antennas, 124 
design parameters, 125, 128 
dual-band stacked antenna 
array, 126 
8 x 16 E-band antenna elements, 
126, 131 
fabricated prototype, 126, 130 
feeding network of E-band array 
elements, 128 
with Ka-band and E-band 
patches, 124 
S,, response at E-band, 129 
Si, response at Ka-band, 128, 129 
slot-coupling mechanism, 125, 126 
3D geometry of, 125 
2 x 4 Ka-band antenna elements, 
126, 131 
view inside metal cavity, 126, 130 
Slot-coupled feeding networks, 119 
Slot-line, 119 
Smart materials, reconfiguration 
techniques, 97 
Split-ring resonator (SRR) array, 
47-49 
Stacked antenna array fed vertically 
design parameters, 129, 135 
directivity mode, 127-129 
diversity mode, 127-129 
simulated and measured radiation 
patterns, 126, 135 
simulated S,, response, 128, 133 
with straight and curved feeding 
lines, 131, 134 
Stacked ring patch antenna, 86-90 
Static analysis models, x 
cavity model analysis, stacked ring 
patch antenna, 86-90 
conformal mapping, see Conformal 
mapping 
overview, 59-60 
transmission-line model analysis 
approach, see Transmission- 
line model (TLM) 
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Substrate integrated waveguide (SIW) 
structure, 110 
Surface currents, 17 
distribution of stacked antenna 
design, 26, 28 
electronic reconfigurability, 95 
microwave imaging system, 157 
polarization reconfigurability, 98 
total radiated power of antenna 
array, 118 
Surface waves, 12, 118 
affecting radiation pattern, 17 
propagation, 7 
substrate thickness, 17 
Synthetic aperture radar (SAR) 
approach, 164 


Textile-based printed stacked 
antennas, 13 
Three-layered stacked microstrip 
antenna 
with patch offset, 62 
TLM implementation 
circuit-level equivalent, 87 
circuit-level model, 80—81 
CST simulation and circuit 
simulation, 88 
current distribution, 84, 86 
design of proposed 
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design parameters, 88 
discontinuity, 86 
fringing admittance, 82-83 
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80, 81 
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step-transition and equivalent 
circuit parameters, 80 
Time-gating phenomenon, 163 
TM,,, mode, 18 
Traditional feeding networks, 118 
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geometry of, 72, 73 
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resonant frequency, 73, 74 
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antenna analysis 
circuit-level equivalent model, 
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compensation length (L,), 72 
electromagnetic coupling, 69-70 
induced electric field, 71 
mutual coupling, 68, 69 
tilted slot, 68, 70 
transformer coil turn ratio, 
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coupling admittance, 68 
with EM coupling modelled using 
fringing admittance 
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three-layered stacked microstrip 
antenna with the patch offset, 
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microstrip antenna 
two-layered stacked microstrip 
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stacked microstrip antenna 
fringing capacitance (Cj), 66-67 
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radiation resistance (R,), 66-67 
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